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ABSTRACT 
INVESTIGATION OF RADICAL ENTRY AND DIFFUSION WITHIN LATEX 
PARTICLES DURING EMULSION POLYMERIZATION 
by 
Brian S. Perry 
University of New Hampshire, December 2009 
In the field of aqueous based free radical emulsion polymerization, it has been a 
long-standing belief that a charged polymer chain end group will exclusively anchor to 
the surface of a polymer particle. This notion is not intuitive for all cases, particularly in 
the case of an inverted core-shell composite particle where second stage polymer resides 
within the interior and is surrounded by first stage polymer. This dissertation describes a 
plethora of polymerizations and subsequent characterization techniques used to determine 
the location of polymer chain end groups in a series of seeded batch and semi-batch 
emulsion polymerizations. The analytical results of major importance include 
transmission and scanning electron microscopy (TEM and SEM, respectively), 
differential scanning calorimetry (DSC), and persulfate end group titration. Collectively, 
they.show strong evidence against the notion of chain end anchoring as a predominant 
occurance. Additionally, calculations of single polymer chain dimensions within a latex 
particle in conjunction with any driving forces for chain end anchoring provide further 
evidence to discredit anchoring as the sole explanation for polymer chain locales. 
xix 
CHAPTER 1 
INTRODUCTION AND PROJECT PURPOSE 
A latex is a liquid dispersion containing very miniscule polymer particles 
suspended colloidally within the serum phase. Typically, the appearance is milky white, 
but can be transparent if the particle sizes are particularly small (< 30 nm). Within a 
milliliter of aqueous latex there may be on the order of 1015 of these polymer particles, 
and the solid content of latices can range from about 10 to 50%. With such a high 
density of particles per volume of latex, the distance these polymer particles are apart 
from one another is on the order of one particle diameter (although the precise distance is 
dependant upon the solid content). Since the particles are at such close quarters, as 
shown in Figure 1.1, surfactant molecules are usually required to provide stability, which 
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Figure 1.1: Basic depiction of a water-based latex. 
For this study, the method by which latex is synthesized is aqueous phase, free 
1 
radical emulsion polymerization. This involves the chemical reaction of monomer units 
with free radicals to form polymer chains. The free radical is generated by an initiator 
molecule which dissociates into primary free radicals in the water phase and propagates 
with monomer units. As will be described in detail, the aqueous phase polymer radicals 
(referred to as oligoradicals or oligomers) eventually propagate to the point of entering a 
particle to continue their propagation. The large majority of polymer chain growth 
occurs within a particle, which means that chain diffusion within a particle itself is a 
likely occurrence. 
Due to the plethora of vinyl monomers available to form polymers, the 
combination of characteristics inherent in different types of polymers can result in 
interesting behavior. Specifically, the resulting form and structure of the particle, or 
morphology, is strongly dependent on the types of polymers which make up a particle. 
Figure 1.2 shows some examples of morphological structures where one polymer phase 
could be located inside the other phase (core-shell or occluded), simply partially 
engulfing the other phase (acorn-like), or mixed with the other phase. 
core-shell acorn-like occluded mixed 
Figure 1.2: Examples of latex particle morphology. White represents one polymer, black represents 
a different polymer, and gray represents a mixture of the two. 
Figure 1.3 shows the transmission electron micrographs (TEM) of some sample polymer 
2 
particles with different morphologies. Figure 1.3(a) portrays a core-shell morphology, 
where one polymer phase is completely engulfed in a layer of a different polymer. Figure 
1.3(b) represents an occluded morphology in which smaller domains of one polymer type 
are distributed throughout the bulk particle phase. Then Figure 1.3(c) depicts particles in 
which both polymer phases are completely mixed together with no existing domains of 
either type of polymer. Phase mixing can occur between two or more compatible 
polymers, but phase separation (leading to domain formation) can occur between two or 
more incompatible polymers, the latter being the predominant case. This compatibility 
refers to the relative polar affinity which may exist between different polymers in contact. 
It is important to note, however, that while different morphologies can be obtained for 
different types of polymer systems, the conditions in which the polymerization occurs 
can also have a substantial effect on morphology. 
Figure 1.3: Sample TEM images for three different composite latex morphologies. Dark regions are 
stained with ruthenium tetraoxide. (a.) poly(methyl acrylate-co-methyl methacrylate) seed with 
polystyrene 2nd stage1 (b.) poly(methyl acrylate-co-methyl methacrylate) seed with polystyrene 2nd 
stage2 (c.) poly(styrene-co-n-butyl acrylate) seed with poly(methyl methacrylate) 2" stage.3 
Upon observation of a particular particle morphology, one may query about how 
each polymer phase can logically end up in its particular location given the nature of the 
emulsion polymerization and its formulation. As a basic example, one may consider the 
3 
polymerization of styrene monomers in the presence of a poly(methyl acrylate), PMA, 
seed latex. The seed particle is often referred to as the "first stage" material, because it is 
present before the beginning of polymerization of the new monomers. Consequently, the 
polymer formed from the new monomers is referred to as the "second stage" material. 
For the aforementioned polymer system, an inverted core-shell morphology may be 
expected based on thermodynamic equilibrium considerations, in which the core of the 
composite particle is polystyrene. This can be explained by the characteristics of the 
polymers in this case: the polystyrene is very hydrophobic relative to the PMA, and the 
reaction temperature would be high enough to soften the seed particle and enable the 
diffusion of growing polymer chains into the particle. Considering this example 
morphology, it is interesting to realize that the most common emulsion polymerization 
initiators endow a charged end group (commonly a SO4" end group) to the propagating 
polymer chains. Because of this, many scholars believe that the charged end groups 
simply anchor to the surface of a polymer particle, rather than becoming buried within 
the particles. 
There are at least four possible explanations for understanding how a second stage 
polymer chain can turn out to reside inside a first stage seed polymer: 
1. Chain end anchoring does not occur to a significant extent and the majority of the 
second stage polymer chains diffuse unhindered within the particle. 
2. Anchoring of the second stage polymer chain ends does occur, but under the condition 
that the chains are stretched across the seed polymer phase to fill the interior of the 
4 
particle. This phenomenon is referred to as chain tethering. 
3. Hydroxyl (OH) radicals either already exist in the aqueous phase or are converted 
from SO4" radical reaction with water. These OH radicals can initiate polymerization and 
thus allow for unrestricted chain diffusion beyond the surface of the particles. 
4. Chain transfer to monomer reactions occur to a significant extent within the particle 
such that predominant portion of second stage polymer chains are started by non-initiator 
radicals, thus allowing unrestricted polymer diffusion of the new chains. This thesis 





Basics of Emulsion Polymerization 
Aqueous phase, free radical emulsion polymerization involves a mechanism 
which is not quite so straightforward. As the name implies, an emulsion of monomer 
droplets within a continuous phase of water exists, in which some of the monomer is 
dissolved in the water. Contrary to what was originally believed, the primary locus of 
polymerization is not within the monomer droplets, but instead within polymer particles 
which have previously formed. This then brings up the question of where polymerization 
starts prior to the existence of any particles within the medium. It is known for water 
soluble initiators that the onset of polymerization occurs in the aqueous phase. A thermal 
initiator will dissociate into primary free radicals, which then react with a monomer unit, 
creating a free radical consisting of an initiator radical and a monomer unit as shown in 
Eq.(2.2): 
Initiator X 21* (2>1) 
r+M-XlM* (2-2) 
where I represents a primary free radical from an initiator molecule, kd is the 
dissociation coefficient of the initiator, M is a monomer unit, and kp; is the propagation 
rate coefficient for a primary radical reacting with a monomer unit. The radical activity 
is transferred to the monomer portion of the molecule, which can continue to react with 
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more monomer units and thus propagate a polymer chain. A commonly used thermal 
initiator is potassium persulfate, KPS, whose structure is shown in Figure 2.1. 
O O 
II II 
K+ -O - S - O - O - S - O- +K 
II II 
o o 
Figure 2.1: 2-D molecular structure of potassium persulfate (KPS). 
The oxygen-oxygen bond is thermally cleaved, leaving two ionic, primary sulfate radicals 
which can readily react with monomer units in the water. 
In addition to monomer, water, and initiator being charged to the reactor, a 
surfactant is nearly always used. If the latex is being made ab initio, or without any seed 
latex particles present, the polymer particles may be nucleated by a micellar mechanism. 
A micelle is a an aggregation of surfactant molecules, which are dynamic in the fact that 
surfactant molecules are continuously and randomly changing locations between a 
micelle, a polymer particle, the aqueous phase, and monomer droplets. The surfactant 
molecules are used as a stabilizing agent for polymer particles, in which the interfacial 
tension of the particles with the aqueous phase is decreased. Surfactants have a 
hydrophobic end and a hydrophilic end, which provides explanation for the formation of 
micelles. The hydrophobic tails will aggregate together, leaving the hydrophilic heads 
protruding out into the water. A commonly used surfactant is sodium n-dodecyl sulfate, 
SDS (shown in Figure 2.2), which is an anionic compound that can stabilize latex 
particles very well, protecting them from coalescing with each other and thus helping to 
maintain a constant particle size by preventing coagulation. 
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Figure 2.2: 2-D molecular structure of sodium n-dodecyl sulfate (SDS). 
The emulsion polymerization micellar mechanism can be explained by defining 
three intervals of time as depicted by Figure 2.3. 
Interval I Interval II Interval III 
Figure 2.3: Depiction of the three time intervals over the course of an ab-initio emulsion 
polymerization. I represents non-dissociated initiator molecules, R are primary initiator free 
radicals, M are monomer units, RMZ are oligomers (if in water or particles) or polymer chains (only 
if in the particles), white circles are polymer particles, and the smallest, colored circles are the 
hydrophilic end of a surfactant molecule. 
Interval I represents the period at which monomer droplets, dissolved monomer, micelles, 
non-dissociated initiator molecules, primary initiator radicals, and oligomers exist within 
the medium (water). Particle nucleation begins here through micellar nucleation, which 
involves an oligomer reaching surface activity to join the existing micelles of surfactant 
molecules. Once an oligomer is surface active with the micelles and propagates further, 
the chain will no longer be able to return to the aqueous phase, resulting in continued 
propagation at a micelle, and ultimately phase separation of the polymer phase from the 
water to form a particle.43 Once all of the micelles have disappeared, the system has 
entered Interval II. The number of particles remains constant for the rest of the process 
(assuming no destabilization of particles occurs) and monomer units in the aqueous phase 
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continue to react with oligomers and radicals as the monomer continues to be replenished 
by the large monomer droplet reservoirs which still remain. And finally, Interval III is 
marked by the depletion of the monomer droplets, at which point the rate of 
polymerization decreases since the monomer concentration in the water and particles is 
no longer held constant, resulting in its decline. 
Theories of Radical Entry 
The primary locus of polymerization is within the polymer particles, which leads 
the question of how the free radicals come to enter the particles. The mechanism of entry 
has been studied for many years since the late 1960s, with various theories attempting to 
explain the entry process. Chronologically, in 1968 J. Gardon5 proposed a mechanism 
for radical entry known as the collision model. He stated that radicals are absorbed into 
the particle at a rate proportional to the surface area of the particle. If the growing radical 
does not collide with a particle before reaching a critical size, then the radical will 
precipitate to form its own particle. This is similar to J. Vanderhoff s6 Diffusion Control 
theory which states that the rate-determining step for radical entry is the diffusion of the 
radicals to the particle surface. The Maxwell-Morrison experiments provide evidence 
against this collision model. The diffusional entry rate coefficient, ke, for a radical and a 
particle is described by Eq.(2.3) and Eq.(2.4), the Diffusion Control model. 
k 






where R is a radical which is able to enter a particle, kB is the Boltzmann constant, T is 
temperature, n is the serum viscosity, rs is the radius of a monomer-swollen particle, and 
r0 is the radius of the entering radical. Maxwell-Morrison calculations showed that ke 
values for their experiments were 5 to 6 orders of magnitude larger than the values 
predicted by the diffusion model. But even more fundamentally, the model expressed by 
Eq.(2.4) contains inherent inaccuracy because the model does not consider the possibility 
of radicals terminating in the water prior to reaching its critical size. And in the same 
vein, the physical size of the aqueous phase radical is not considered quantitatively, 
rendering the r0 term to be an unknown quantity. 
Another theory for radical entry suggested by V. Yeliseeva in 1982 is known as 
the Surfactant Displacement theory. This states that the rate-controlling step for radical 
entry is the displacement of surfactant molecules from the particle surfaces. This was 
very straightforwardly proven untrue by M. Adams et al.9 They executed some simple 
polystyrene polymerization experiments and determined the radical entry rate coefficient, 
p (radicals/particle/sec), for various levels of surfactant. Table 2.1 tabulates data from 
Adams' experiments: the fraction of surface coverage of surfactant on the polymer 
particles and the corresponding radical entry rate. Clearly the radical entry rate does not 
have any dependency on surfactant coverage for this system. 
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Table 2.1: Experimental values from Adams et al of surfactant coverage on latex particles and the 
corresponding radical entry rate coefficient. 












A year after Yeliseeva's reporting, Penboss10 postulated that perhaps radical entry is 
dependent on colloidal interactions. That is, the Derjaguin, Landau, Verwey, and 
Overbeek (DLVO) theory was used as a means for explaining radical entry through the 
forces between charged entities. However, in the same paper as used to counter the 
Surfactant Displacement theory, Adams et al showed that ionic strength did not seem to 
have any affect on the radical entry coefficient. As seen in Table 2.2, increasing the ionic 
strength by a factor of 15 did not change the entry of radicals into polymer particles. It 
was not until 1991 that the famous Maxwell and Morrison experiments presented what is 
now the mostly commonly accepted theory for radical entry. 
Table 2.2: Experimental data from Adams et al for ionic strength of their polystyrene latex and 










It is important to note that Figure 2.3 shows radicals in the water phase, however, 
as mentioned previously, the primary locus of polymerization is indeed within polymer 
particles. The following description depicts the aqueous phase growth theory proposed 
by Maxwell and Morrison et al.7 It is the most widely accepted theory for radical entry 
based upon continued use by other scholars in literature.4b'n'12'13'14 The primary free 
radicals themselves are born in the water phase and may not enter a particle until certain 
conditions have been met. Generally speaking, water soluble initiators dissociate into 
water soluble primary radicals. These primary free radicals are much too polar to be able 
to enter into a much less polar organic phase such as a polymer particle. As mentioned 
previously, the water phase primary free radicals propagate with monomer units in the 
water to form oligoradicals. As water phase propagation continues, a highly polar 
initiator fragment (e.g. "SO4 ) adds an organic molecule and this significantly decreases 
the overall polarity of the oligoradical. At a certain point, the oligoradical will contain a 
number of monomer units and thus consist of a hydrophilic end and a hydrophobic end. 
This oligoradical resembles a surfactant molecule, and therefore may behave in a similar 
fashion. The oligoradical will then have the chance to become surface active on a 
polymer particle. The oligoradical chain length which allows it to become surface active 
is referred to as its z-mer length, where z units of monomer are required to grant the 
oligoradical surface activity.7 
The Maxwell-Morrison7 model relates z to the entry rate coefficient as seen in 
Eq.(2.5): 
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where [I] is the initiator concentration, NA is Avogadro's number, Nc is the number of 
latex particles per volume of fluid in the reactor, kt is the termination rate coefficient of 
the radicals, [T*] is the total aqueous phase radical concentration, kp is the propagation 
rate coefficient for the growing radicals, and [Maq] is the monomer concentration in the 
aqueous phase. This equation shows that there is no dependence of entry on the latex 
particle size, which is not true for most of the other entry models described previously. 
Table 2.3 summarizes particle diameter dependency for the aforementioned entry 
models. 







Aqueous Phase Radical Growth 






Maxwell and Morrison et al used experimental data with Eq.(2.5) to fit values of z for 
styrene polymerization and obtained between 2 and 3 monomer units as the z-mer length 







Figure 2.4: Plots from the experiments of Maxwell and Morrison7 of radical entry coefficient versus 
initiator concentration for two different particle sizes: (a.) 79 and (b.) 44 nm. The upper lines 
represent the model fit of Eq.(2.5) for z = 2 and the lower lines for z =3. 
There is clearly overlap between the two model fits for z =2 and 3, and so Maxwell and 
Morrison conclude that the z-mer length for styrene is between 2 and 3 units. Further, as 
shown in Table 2.3 and deciphered by Eq.(2.5), the entry rate coefficient shows no 
dependence on particle size. Maxwell and Morrison provide experimental evidence of 
this as shown in Figure 2.4. Because the slopes of the lines between the two plots are so 
comparable for two different particle diameters (79 and 44 nm), they conclude that the 
particle size makes no difference on radical entry for their model. This is an important 
factor to note because by its nature, emulsion polymerization typically allows for 
relatively straightforward production of particles at any size between ~50 and 300 nm 
(although up to a micron diameter is possible). 
Mathematical Development of the Maxwell-Morrison Theory 
Different types of monomers may have different z-mer lengths, which are likely 
to be correlated with the polarity of the monomer. For example, styrene, methyl 
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methacrylate, and methyl acrylate are reported to have z-mer lengths of 2, 4, and 8, 
respectively. Dong and Sundberg14 used an entirely thermodynamic approach to 
calculate the z-mer lengths for various monomers using a simple lattice model. They 
calculated the total free energy which would be required to transfer an oligoradical 
segment by segment from the water phase to the polymer phase. These calculations were 
done for various numbers of monomer units attached to an initiator end group 
(approximated as a persulfate anion, SO4"), as shown in Figure 2.5. 
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Figure 2.5: Transfer free energy versus number of monomer units for two different monomers as 
calculated by Dong and Sundberg.14 
From the above figure, the transfer free energy for styrene falls into the negative region 
with the addition of a second styrene unit. And the negative region is reached for methyl 
methacrylate by the fourth acrylate unit. Their results correspond reasonably well to 
Maxwell and Morrison's calculations, as shown in Table 2.4. 
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Table 2.4: Tabulated results for Maxwell-Morrison experiments compared with Dong and 
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Another interesting presentation of modeling the Maxwell-Morrison theory is 
from Kim and Lee.16 They considered a transient approach to p (entry rate coefficient) 
and formulated an expression for the differential of p with respect to time. Using typical 
kinetic values for a styrene emulsion polymerization, they presented an interesting way to 
show the critical z-mer length, as seen in Figure 2.6. 
Figure 2.6: The differential of entry rate coefficient versus time is plotted to express the z-mer length 
of styrene oligomers.16 
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The z-mer length of two shows a sharp decrease in the differential of p with respect to 
time, whereas the z-mer length of three contains a maximum. Kim and Lee verify that z-
mer lengths greater than three also contain maxima. This indicates that the z-mer length 
of styrene does indeed occur at two styrene units and corresponds well to the result of 
both Maxwell-Morrison and Dong-Sundberg approaches for determining z-mer length. 
Aqueous Phase Radical Growth Dynamics 
It is interesting to track the entire life of a growing radical. It is born in the water 
and propagates to a few units at which point it has become less compatible with the 
aqueous phase. Its surface activity grants the oligoradical the opportunity to enter a 
particle upon further propagation. This dynamic behavior can be shown mathematically 
as in Figure 2.7.17 
0 5 10 15 20 25 30 35 40 45 50 
chain length (# repeat units) 
Figure 2.7: General representation of the dynamics of a growing oligomer. This plot is not specific 
for any type of oligomer, and is only meant to be a generalization. Although, the water solubility and 
surface activity characterstics of a growing oligomer generally occur at a chain length less than 10 
monomer units. Note that the seed polymer in this figure is of the same polymer type in the oligomer 
for the dashed blue line, but not for the solid blue line.'7 
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The radical starts with zero monomer units and has maximum water solubility, which 
declines as the oligomer chain length increases. Consequently, the surface activity of the 
radical increases as chain length increases, but then begins to decline once the radical has 
become completely insoluble in the aqueous phase. The surface active radical is initially 
insoluble in the seed polymer phase (as is the surfactant, SDS), and will not become 
soluble until it attains a chain length greater than its z-mer length. As the chain length of 
the oligoradical continues to increase it either diffuses freely within the monomer swollen 
polymer particle, or it has its highly polar end (e.g. ~S04 ) "anchored" to the surface of 
the particle. Depending on the reaction conditions and the compatibility between the host 
polymer and propagating chain polymer, there may be phase separation. The solid blue 
line in Figure 2.7 represents the case in which seed polymer is phase incompatible with 
the growing chain polymer. This may result in a separation of the two polymers and the 
creation of a domain of one type of polymer formed in the midst of a phase of the other 
type of polymer. The dotted blue line represents the case where the seed polymer is of 
the same type of polymer as in the growing oligomer. Clearly if both the host polymer 
and the growing radical consist of the same monomers, then the growing chain will 
always be soluble and never phase separate. 
Contesting Maxwell-Morrison Theory 
1 R 
In an interesting approach, Tauer et al designed experiments which allowed 
them to conclude that primary sulfate radicals (from KPS) can directly enter into latex 
particles. Latex which was stripped of residual monomer was imbued a reddish color by 
use of a reversible addition fragmentation chain transfer (RAFT, a process which allows 
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for generation of very narrowly distributed molecular weight polymers) agent. For the 
experiments, two different aqueous phase initiators were used: one which produces ionic 
radicals (KPS) and another which produces non-ionic radicals known as 2,2'-azobis[2-
methyl-N-(2-hydroxyethyl)propionamide]19 (VA-086). Upon addition of only KPS to 
this monomer-devoid latex, the reddish color of the latex particles became less intense, as 
measured by spectrometry. In a separate latex, the addition of VA-086 initiator instead 
resulted in a much slower decrease in the absorbance. Tauer interpreted this result to 
mean that the primary radicals of the persulfate enter the particles from the aqueous phase 
without any sort of propagation, diminishing the red color from the particles. Of course 
this is a very controversial claim to make, considering primary sulfate radicals are not 
only very hydrophilic, but are also ionic. M. Goicoechea et al contest this conclusion 
by Tauer and offer a more sound explanation for the discoloration of the latex particles. 
It is known that KPS dissociates into primary sulfate radicals by the reaction shown in 
Eq.(2.6). 
S2Ol^2SO*- (2-6) 
Further, it is known that sulfate radical ions can react with water to produce hydroxyl 
radicals.21'22'23 
SO'- + H20 -> HSO; + HO' (2.7) 
These hydroxyl radicals could much more feasibly enter latex particles as compared to a 
larger, hydrophilic, ionic sulfate radical, and are likely the culprit which gave Tauer such 
interesting results. To challenge Tauer's theory, Goicoechea notes that adding KPS to a 
19 
butyl acrylate/vinyl acetate/acrylic acid (BA/VAc/AA) latex (devoid of monomer and at 
60°C) causes 1-butanol to form.24 The mechanism involves hydrogen abstraction from 
the tertiary carbons of the butyl acrylate units. Using this idea, they synthesized a 
BA/VAc/AA latex with the weight ratios of 63.5/33.5/3.0. To four aliquots of this 
devolatilized latex, four different initiator systems were used (one per aliquot). Three of 
the four initiator systems would produce hydroxyl radicals: hydrogen peroxide/ascorbic 
acid (H202/AcAs), H202, and KPS. The fourth initiator system was selected such that the 
hydroxyl radicals are presumed to be non-existant (KPS/metabisulfite aka KPS/MBS). 
This fourth system produces the sulfate ion radicals as shown in Eq.(2.8). 
s2oj- + s2ol~ -> so'- + sol~ + s2o;~ (2.8) 
The MBS then reacts with the hydroxyl radicals in the following manner: 
S2O]- +H2Oo 2HSO~ (2.9) 
4HSO; +02^> ASO;~ +2H20 (2.10) 
so;- + HO' - » / r + so24~ (2.11) 
The concentration of 1 -butanol was then measured over time for each latex portion once 
the initiator systems were added. The concentration was measured by headspace gas 
chromatography, which showed results that suggest a counter argument for Tauer's 
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Figure 2.8: 1-butanol concentration versus time as measured by headspace gas chromatography for 
each initiator used in Goicoechea et al experiments at 60°C.20 
The results showed no 1-butanol production for the KPS/MBS system, and substantial 
production for the other three systems. Strangely, however, after 120 minutes of 
reaction, the KPS/MBS system finally produced a small amount of 1-butanol. 
Goicoechea's conclusion is that Tauer's results were indeed caused by the production of 
hydroxyl radicals from the sulfate radicals reacting with water, and thus the entry of 
simple SO4 radicals was not the mechanism. 
Hydroxyl Radical Significance 
Liang and Su recently presented research (2009) in which they showed the 
production of OH radicals, as described by Eq.(2.7), was only significant at high values 
of pH. They used nitrobenzene (NB) as a chemical probe which only reacts with 
radicals. The importance of NB is that it reacts with OH radicals about 3,000 times more 
quickly than with S04" radicals. Using this key feature, Liang and Su exposed thermally 
activated KPS to different pH levels to observe the reaction kinetics of NB. Figure 2.9 
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, 25 Figure 2.9: Reaction kinetics results for consumption of NB at various pH levels. 
The plots in Figure 2.9 show that the NB is consumed much faster at a pH of 12, as 
compared to the lower pH values. The pH range of 2 to 7 is significantly dominated by 
SO4" radicals, which is a typical pH range for aqueous emulsion polymerization. 
Anchoring 
Once an oligoradical becomes surface active and absorbs to a particle surface, it 
may not yet enter the particle since it still has a reasonable affinity for the water phase. 
However, if it reacts with additional monomer units while surface active, it may then 
continue to propagate with the monomelic radical end inside the particle or enter a 
particle entirely. The difference noted here is that a growing chain with a polar initiator 
end group can either anchor at the surface of a particle or enter the particle and diffuse 
unrestricted by anchoring effects. It is commonly believed that anchoring does indeed 
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occur, but this study aims to prove that anchoring is not predominant for most emulsion 
polymerization systems. In 1970, van den Hul and Vanderhoff 23 performed surface 
titration experiments which showed that there were indeed sulfate end groups on the latex 
surfaces. Okubo et al 26 report a similar result in a more recent publication (1999). 
Further, van den Hul and Vanderhoff suggest that while sulfate (SO4") end groups do 
reside at particle surfaces, they can become buried if the surface becomes too crowded. 
They also indicated that if an oligoradical cannot adsorb onto a particle surface, it 
remains in the aqueous phase until it can either adsorb or propagate and precipitate a new 
particle. Napper 27 fortified this anchoring notion, indicating that the viscosity of the 
polymer particle phase is too high to accommodate entering oligomers, and that the polar 
sulfate anions most likely remain anchored to particle surfaces. Mills et al agree with 
this thought, indicating that anchoring is likely caused by a system in which polymer 
radicals are subject to slow diffusion due to a relatively "hard" particle, in addition to the 
thermodynamic favorability of keeping an ionic end group outside the particle. Even up 
to 1995, this concept of surface anchoring persisted as similarly described in an emulsion 
polymerization book written by Gilbert.4b The details found in literature about radical 
anchoring are not very in depth, and for quite some time there had been virtually no 
experiments to directly test this concept in an effective way. In fact, not until 1998 and 
2001 did two papers by Cardoso et al29 and Amalvy et al30 present studies which suggest 
there is no evidence for chain end anchoring. 
Amalvy has made use of a transmission electron microscopy (TEM) technique 
known as electron spectroscopic imaging (ESI). The usefulness of this technique lays in 
the fact that it can detect small amounts of certain elements such as carbon, oxygen, 
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sulfur, sodium and potassium. Further, the method can provide an elemental map which 
shows the distribution of each element throughout a polymer particle. The microscope 
itself is a TEM with an energy filter attached. This allows the instrument to focus 
inelastic electrons to pass through the sample, in which certain elements interacting with 
the electrons give off characteristic energy pulses. The elemental map itself is obtained 
by obtaining three pictures of the sample at different beam energy levels. One picture is 
produced above the absorption threshold and the other two are produced at lower (but 
different from each other) energies. The two lower energy images produce the 
background image, and then the difference between this background and the high energy 
image is taken, resulting in the elemental map. Amalvy used this technique on 
polystyrene-silica and poly(4-vinyl pyridine)-silica nanocomposite particles. These 
particles consisted of a polymer core and a silica shell. The very clear ESI-TEM images 
in Figure 2.10 show a distribution of elements as one may expect for these fairly simple 
composites. 
Figure 2.10: Sectioned ESI-TEM images by Amalvy et al31 of polystyrene latex particles with a Si02 
shell. Areas of white represent element-rich sections and areas of black represent a void of the 
element, a.) the carbon map, b.) the silicon map, c.) the oxygen map. 
Figure 2.10(a.) represents the carbon map for the polystyrene/silica particles. There is a 
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uniform distribution of carbon through the particles, excluding the outer shell of silica, 
which clearly contains no carbon. Figure 2.10(b.) is the silicon map, which shows a 
bright white ring around each particle, since the silicon only exists on the outside of the 
particles. And finally, Figure 2.10(c) represents the oxygen map. It is clear that there is 
a substantial amount of oxygen on the outside of the particles from the silica, but there is 
also some distribution of oxygen throughout the particles themselves. This might be 
expected because the initiator used to polymerize the polymer was ammonium persulfate. 
Figure 2.10 represents well the capabilities of this ESI-TEM elemental mapping 
technique, which was to be a key component to the present study. Cardoso and 
Amalvy30 et al have also examined the elemental map for simple latex particles. 
Cardoso et al29 used a simple, surfactant-free emulsion copolymerization of 
styrene (St) and 2-hydroxyethyl methacrylate (HEMA) with potassium persulfate (KPS) 
initiator. The resulting latex was cleaned of unreacted monomer by water dialysis. The 
St-co-HEMA latex particles produced are highly uniform at around 350 nm diameter, but 
there is a significant population of particles between 60 and 100 nm. Elemental mapping 
was performed on both sets of these particles for comparison. From whole particle TEM 
imaging, the larger particles are indeed different from the smaller particles. In Figure 
2.11 it can be seen that the larger particles showed a higher concentration of carbon (C) 
in the center of the particles, which gradually decreases as the surface is approached. 
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Figure 2.11: Elemental maps for P(St-co-HEMA). Whiteness indicates presence of the mentioned 
element while blackness represents lack of the mentioned element. 
The oxygen (O) was apparently distributed throughout the particles, but was more highly 
concentrated at the surface of the particles. The O content was largely attributed to the 
HEMA, whose hydrophilicity may explain why there was an accumulation of O at the 
particle surface. The KPS also contains O, but is prevalent to a much lesser extent as 
compared to the HEMA units. The sulfur (S) distribution was similar to that of the C, 
which indicates that initiator components do indeed reside within the particles. The other 
element Cardoso checked for was potassium (K), which was most highly concentrated 
toward the outside of the particles as one may expect since they are ionic in the water 
phase. 
Images of microtomed samples embedded in Epon-Araldite resin were also 
obtained (80 nm slices), but were seemingly less abundant with information due to lack 
of C and K data. The C data was not useful because the contrast between the embedding 
material and the polymer in question was too low. The K data also had contrasting 
issues. Cardoso did obtain the O and S elemental images, which confirmed a significant 
presence of these elements, but they did not show any apparent gradient of the O radially 
through the particles. The smaller diameter particles seem to have a relatively larger O 
and K content than the larger particles. However, the K distribution is fairly uniform, 
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unlike with the larger particles. Their sulfur content is also low, as well as a relatively 
smaller C content. These findings may indicate that the polymer chains are largely made 
up of HEMA are making up the bulk of these smaller particles, which is not necessarily a 
believable conclusion due to no explanation of a possible mechanism through which 
P(HEMA)-rich particles would be preferentially formed. 
From the data obtained by Cardoso, he speculates that the sulfate groups are 
distributed throughout the particles. The sulfur distribution also agrees with titration 
studies done which conclude that the sulfate groups detected on the surface of latex 
particles do not represent many of the sulfate groups thought to have been produced 
during polymerization. The O distribution is said to be more indicative of the HEMA 
component as opposed to the initiator component. And because of this, the polymer 
chains that contain largely HEMA are more hydrophilic and should reside more toward 
the particle surface. The chains with more styrene should reside more within the 
particles. As for the difference in K distribution between large and small particles, it 
seems to be explained by the fact that smaller particles would absorb more water (due to 
being largely HEMA-rich chains), allowing the K ions to more readily absorb into the 
particles. They concluded that there was no evidence for any significant chain end 
anchoring at the particle surface. Amalvy et al shortly thereafter performed a similar 
analysis on more straightforward, homopolymer latex particles and obtained similar 
results in regards to the sulfur distribution and chain anchoring. 
Entry Dependence on Radical and Surfactant Charge 
Berkel et al32 performed a series of experiments for which they determined the 
27 
entry efficiency, gentry, of oligoradicals for different systems of initiator and surfactant. 
They utilized anionically and cationically stabilized seed latices, and also used anionic 
and cationic initiators: KPS and 2,2'-Azobis(2-methylpropionamidine)dihydrochloride 
(V-50). They found some similarity with the widely accepted entry theory proposed by 
Maxwell and Morrison as described previously (page 12). Once the aqueous phase 
oligoradicals become surface active, further propagation will result in entry of the radical 
into the latex particle. The entry efficiency governing this process is hindered by any 
aqueous phase termination of the oligoradicals. 
The main purpose of the experiments by Berkel et al was to provide more 
quantitative kinetic data for entry, and to determine if the Maxwell-Morrison model of 
entry is capable of explaining these data in a meaningful way. The systems they use were 
polystyrene seeded latices; they used one type of latex which is anionically stabilized 
(denoted AN01) and another which was cationically stabilized (denoted CATH03). By 
designing a set of experiments which make use of the two different initiators, Berkel 
attempted to challenge the Maxwell-Morrison theory and determine if there is a 
significant effect of radical charge and/or particle charge on entry. 
To determine/entry, it was approximated as the ratio of the entry rate coefficient, 
Pinit, and the entry rate coefficient for the theoretical 100% radical entry, Pioo%-
" " Aoo% Pm"2Jkd[I]NA {IAZ) 
where/ is the initiator efficiency. The entry rate data for Berkel's experiments were 
obtained by using conversion data in conjunction with kd and/values literature. For the 
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chemically initiated experiments, four systems were examined: KPS/AN01, V-
50/CATH03, KPS/CATH03, and V-50/AN01. The KPS/AN01, being a commonly used 
type of system, showed reasonable agreement with previous experiments by Hawkett et 
al33, with the expected result of decreased/entry with increasing radical flux (presumably 
due to aqueous phase termination). The V-50/CATH03 showed a higher efficiency rate, 
but did not show any strong variation with changing radical flux. 
Comparing an anionic system with a cationic system seemed to show that there 
was an apparent difference in the entry between these systems. Berkel goes on to say that 
it may be due to some difference in the entry mechanism for either the initiator type or 
latex type. The KPS/CATH03 experiment yielded fentry results very similar to the 





Figure 2.12: Radical entry efficiency data versus radical flux for Berkel et al32 experiments of a.) 
anionic initiator and b.) cationic initiator. Data represented are KPS/AN01 (diamonds), 
KPS/CATH03 (squares), V-50/CATH03 (triangles), and V-50/AN01 (circles). The lines (dotted, 
dashed, and solid) represent the modeled values using z-mer lengths of 3, 2, and 1 respectively. 
This is indicative that changing the particle surface charge seemed to have little to no 
effect on entry, as predicted by the Maxwell-Morrison theory. Upon consideration of 
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Figure 2.12(b.), it becomes apparent that initiator type may be the most important 
element in the entry mechanism. Clearly the fentry values were quite different between the 
V-50/CATH03 and V-50/AN01 experiments. Another interesting note about the V-
50/AN01 system was that it resulted in low entry efficiencies and was seemingly not 
dependent on initiator concentration. This experiment was repeated so as to achieve 
adequate reproducibility. Berkel et al concluded that charge interactions between the 
particle surface and entering radicals have very little to no effect on entry (such as the 
Maxwell theory states) and that it is seemingly the nature of the initiator which has the 
major influence on radical entry. This thus supports the concept of radical entry 
occurring when the appropriate z-mer length (for a particular monomer and initiator) is 
achieved. 
Caballero et al34 also performed an interesting study investigating radical entry 
into alkali-soluble-resin (ASR) stabilized latices. These resins act as polymeric 
surfactants which are random copolymers of carboxylic acid monomers (e.g. acrylic and 
methacrylic acid (AA and MAA) and hydrophobic monomers (e.g. styrene (St), methyl 
methacrylate (MMA) and butyl methacrylate (BMA)). The ASR adsorbs on the surface 
of a latex particle to form a hairy, negative charge-rich, layer. It has been proposed that 
radical entry is hindered by this ASR by three different mechanisms. The first being that 
the hairy layer reduces oligoradical diffusion into latex particles (affects any type of 
oligoradical), the second being that anionic oligoradicals experience repulsion from the 
negative charges in the resin (only affects charged oligoradicals), and the third being that 
entering oligoradicals abstract hydrogen atoms from the resin (only affects resins which 
contain hydrogens to be abstracted). By using initiators and resins of varied 
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characteristics, Caballero examined the effect on radical entry. 
Caballero synthesized two types of resins: one which would be susceptible to 
hydrogen abstraction (ASRAA) and another which would be significantly less susceptible 
(ASRMAA)- These resins were then used in miniemulsion polymerizations of St and 
MMA (separately, not as comonomers) with varied initiators. The major difference in 
miniemulsion polymerization (as compared to conventional) is that particle nucleation 
occurs in the tiny monomer droplets (instead of through micellar nucleation). St and 
MMA were used because of the polarity difference which would affect the ability of 
growing radicals to abstract hydrogen. The initiators used were tert-butyl 
hydroperoxide/ascorbic acid (TBHP/AsAc), ammonium persulfate (APS), and 2,2'-
azobisisobutyronitrile (AIBN). TBHP/AsAc was chosen because it effectively abstracts 
hydrogens due to production of oxygen-centered radicals, APS was chosen because it 
would produce ionic radicals, and AIBN was chosen because it produces radicals in the 
particle and monomer phases, which provided the authors with both radical entry and exit 
data for a miniemulsion polymerization. The summarized results for the APS and 







Figure 2.13: Relative significance of each entry mechanism. Ri is the case of ASRs restricting entry 
by physical diffusion, R2 is the case of ASRs containing negative charges which offer electrical 
repulsion of incoming anionic species, and R3 is the case of ASRs being prone to hydrogen 
abstraction.34 
For the APS initiator, the water solubility of the second stage monomer had a 
strong effect on the dominant entry mechanism. The MMA polymerizations were indeed 
dominated by entry affected by electrical repulsion, since the MMA monomers were 
more likely to react with an oxygen-centered radical to produce a carbon-centered radical 
(which are less apt to abstract hydrogen). This means that because the aqueous phase for 
the MMA reaction has a higher concentration of monomer, the oxygen-centered radicals 
had a much shorter residence time than for the St reaction since the sulfate radicals were 
able to react more quickly with the monomer. Since the negatively charged sulfate 
radicals for the St polymerization had a higher residence time, they had more time to 
approach the hairy resin and abstract hydrogens before propagating with St monomers. 
Figure 2.13 also shows that the polarity of the second stage monomer has much less of an 
effect on the significance of the hydrogen abstraction entry mechanism for the case of 
TBHP/AsAc initiator. While the experiments of Caballero do not directly regard 
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polymer end group anchoring, the results do suggest that an ionic radical would require a 
counter-ion to be able to even enter a polymer particle. 
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CHAPTER 3 
OLIGOMER SOLUBILITY STUDIES 
Thermodynamic Chi Parameter and Chain Length Considerations for Oligomer 
Solubility 
The water phase is critical in emulsion polymerization; not only is the water 
needed to harbor monomer (as droplets and in solution), dissociate water soluble 
initiators, and provide a medium for surfactant activity, but it is also the medium which 
allows oligomers to enter polymer particles. As such, the solubility of the short chain 
length oligomers is important to consider because the entry of the radical may be affected 
by the initiator end group which gave rise to the growing chain. And then once the 
oligomer reaches surface activity and consequently enters a particle, the solubility of the 
growing chain within the host polymer is another important consideration for diffusion 
within the polymer particle. 
The interaction parameter, %, (of the Flory-Huggins model353) is used to account 
for the enthalpy required to interdisperse (or mix) a polymer into solvent. The free 
energy of mixing, AGmjx, can be calculated by: 5a 
^ ( ^ ) l n ( W + t ' n ( W + ^ * (11) 
where <fiA and 4>B are the volume fractions of component A and B respectively, NA and NB 
are the number of monomer units (per chain) or solvent molecules (depending upon 
which is component A and B), R is the gas constant, and T is the temperature. In terms 
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of an oligomer entering a polymer particle and continuing propagation, Eq.(3.1) can be 
used to determine the free energy of mixing between the two polymers (oligomer and 
host particle). It should be noted that Eq.(3.1) contains a modification in the form of [NA 
+ 1] instead of simply NA. This correction is made for the current treatment because 
oligomer made of polymer A contains some number of monomer units plus one initiator 
end group unit, x values for polymer-polymer systems are reported in literature, but they 
are blind to the oligomer-polymer situation which exists before the growing chain 
becomes what we know as a typical polymer, x values near zero represent more 
compatible materials and higher values represent less compatible materials. Clearly, the 
interaction between an oligomer with an initiator end group and host polymer should be 
much different than that between the much longer chained oligomer (polymer) and host 
polymer. 
Modeling of the interaction parameter was performed for a host polymer particle 
of high chain length mixing with an oligomer whose initial state is very hydrophilic (e.g. 
SO4). To model the interaction parameter, a basis was taken to presume that when 
considering two polymers (A and B), the % value (which is actually a value representative 
for an oligomer/polymer instead of the typical polymer/polymer) decreases exponentially 
as the chain length of a growing oligomer increases. This seems to be a reasonable basis 
because there surely must be a significant polarity change as a highly polar initiator 
primary radical (e.g. ~S04 ) combines with a much more non-polar organic molecule 
(such as a monomer). Suppose x could be mathematically modeled as follows: 
Z = a + (b - a)e~cNA (3.2) 
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where a, b, and c would be constants (described later) which depend upon the identity of 
polymers A and B and the hydrophilic end group (e.g. SO4). Assume that the growing 
oligomer is polymer A and the host polymer (solvent) is polymer B. The entire 
expression for the free energy of mixing between the oligomer and the host polymer can 
be written to: 
^ = T^^M^) + ^ ^B)^[a + {b-a)e-^JB (3.3) 
Instead of tracking a growing oligomer through its propagation from start to 
finish, consider the case of following the solubility characteristics of a short-chained 
polymer at constant </>A with increasing chain length (NA on the order of 2 to 100). 
Performing this calculation for constant 0A yields the plot in Figure 3.1. It simply models 
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Figure 3.1: Free energy profile (using Eq.(3.1) and Eq.(3.2)) showing solubility for a single growing 
oligomer chain in a polymer host. NB is 1024, a is 0.08, b is 6.0, and c is 0.25. 0A is 0.02. The subset is 
a differently scaled image of the same plot to show the starting point of the curve. 
The resulting curve is in line with intuition because the initiator end group by itself is 
insoluble (e.g. S04") in polymer B, and the very short chained polymers are also 
insoluble, but quickly become soluble, only later to once again become insoluble as the 
chain-length increases. This behavior corresponds to the conceptual curve shown in 
Figure 2.7 (page 17). Polymer B is given a chain length of 1,024 units for convenience, 
but it is a reasonable choice for the molecular weights obtained by emulsion 
polymerization. The particle size for the host polymer is chosen to be 150 nm, which is a 
typical diameter and contains about 12,000 chains of polymer B of length 1,024 units. 
The a parameter of Eq.(3.2) is simply the % value between two infinitely high 
molecular weight polymers, since x approaches a as NA approaches infinity. The b 
parameter can be related to the end group of the oligomer, which originates from an 
initiator molecule (e.g. KPS producing SO4 ). This is because x reduces to b as the chain 
length of the oligomer (NA) is set to zero. Further, as the oligomer chain length 
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approaches infinity, the exponential term of Eq.(3.2) tends to zero; this means that the 
initiator end group parameter (b) significance is extremely small at long chain length, 
which makes sense intuitively. Finally, the c parameter is meant to be a measure of the 
effect of adding relatively hydrophobic monomer A units to the very hydrophilic starting 
chain end (e.g. S04), thereby rapidly changing the overall polarity of the oligomer. 
To obtain a better grasp on the exponential decay model for the x value, 
parametric analysis was performed where each parameter (of a, b, or c) is observed as it 
varies while the remaining parameters remain constant. For this analysis, x values for a 
typical polymer system (ie: polystyrene/poly(MMA) with a near 0.08) are used as 
reported in literature.35 This % value is determined by use of a binary interaction energy 
density, B, in Eq.(3.4), 
where Vref is the molar volume of the repeat units of the system. a The reported value 
for B between polystyrene and poly(MMA) 0.26, which results in a x value of -0.05 
(calculation shown in Appendix E). The b and c values of 6.0 and 0.25, respectively, 
were chosen because they allowed the models to fit the intuitive sense of shifting 
solubility characteristics (for a PSt/PMMA system) at different values NA. The parameter 
analysis for a, b, and c is described below. 
Varying only the a parameter, as seen in Figure 3.2, results in shifting the point at 
which free energy changes sign from positive to negative and then once again to positive 
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after a longer chain length is achieved, as expected. 
Figure 3.2: Free energy profile showing solubility for a growing oligomer in a polymer host. NB is 
1024, a is varied, b is 6.0, and c is 0.25. <j>\ is 0.02. The subset plot is a differently scaled image of the 
same plot to show the starting point of the curves. 
Clearly, the a parameter has a significant effect on the point at which the growing 
polymer chain becomes insoluble in its host polymer (where the free energy returns to a 
positive value) and can phase separate. Low values of a (near zero) exhibit very little 
phase separation, which is expected since a corresponds to the x parameter between the 
two phases. For high values of a (e.g. 0.2), solubility of the oligomer in the host polymer 
is never observed, but for an a value around 0.1 (similar to the value calculated for a 
PSt/PMMA system) the system exhibits both solubility at low NA and insolubility at a 
slightly higher NA. 
Alternatively, the b parameter clearly shows a strong influence on the point of 









Figure 3.3: Free energy profile showing solubility for a growing oligomer in a polymer host. NB is 
1024, b is varied, a is 0.08, and c is 0.25. </>x is 0.02. The subset plot is a differently scaled image of 
the same plot to show the starting point of the curves. 
Increasing b causes the required length for oligomer solubility in host polymer B to 
increase, meaning that the value of b represents a polarity index of the initiator end group 
on the oligomer. This is why high values of b have been selected when modeling using 
this free energy treatment, since the common initiator radical ("SO4 ) is very water 
soluble. Each b value has no apparent effect on changing the point of phase separation at 
higher values of NA; this is logical because the polarity of the initiator end group is only 
significant (relative to the rest of the chain) at short chain lengths. Once the chain has 
become long enough, the effect of the polar end group is outweighed by the strongly non-
polar characteristic of the growing chain. 
Much like in Figure 3.3, Figure 3.4 depicts a strong dependence of the initial 













Figure 3.4: Free energy profile showing solubility for a growing oligomer in a polymer host. NB is 
1024, b is 6.0, a is 0.08, and c is varied. (j>A is 0.02. The subset plot is a differently scaled image of the 
same plot to show the starting point of the curves. 
This dependence is not surprising because if the oligomer can quickly change its 
compatibility with the host polymer, then it will not take many added monomer units to 
bring the free energy below zero where solubility with the host polymer is 
thermodynamically favorable. Alternatively, if the rate at which the oligomer becomes 
more compatible with the host polymer is slow (i.e. low values of c), then clearly it will 
require the oligoradical to propagate further before it can become soluble in the polymer 
particles. The c parameter by itself does not affect the later point of phase separation, 
which, as mentioned for parameter b, is anticipated because the initiator end group's 
polarity difference only has a significant effect at small oligomer chain lengths. 
However, the c parameter seems to have the ability to never allow a very hydrophilic 
chain to become soluble in polymer B if the value is low enough. 
To observe the effects of changing the host particle size on these curves, 4>A was 
varied. Increasing 0A is effectively simulating a decreasing particle size, the results of 
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which are shown in Figure 3.5. 
Figure 3.5: Free energy profile showing solubility for a growing oligomer in a polymer host. NB is 
1024, b is 6.0, a is 0.08, and c is 0.25. (j)A is 0.02. The subset plot is a differently scaled image of the 
same plot to show the starting point of the curves. 
Figure 3.5 shows that increasing the volume fraction of the oligomer results in increasing 
the required chain length to achieve solubility in the host polymer. The phase separation 
of the growing polymer chain from the host particle occurs sooner when (/>A is larger, as 
would be expected. 
To test the model from a different perspective, the thermodynamics for a single, 
growing chain of polymer were considered, where </)A is not held constant. Figure 3.6 
shows the change in free energy as a result of modeling with Eq.(3.3) for a single, 
growing chain of polymer A in a host particle of polymer B. The volume fractions are 
not considered constant as the second stage oligomer propagates and increases chain 









Figure 3.6: Free energy profile (using Eq.(3.1) and Eq.(3.2)) showing solubility for a single growing 
oligomer chain in a polymer host. NB is 1024, a is 0.08, b is 6.0, and c is 0.25. Volume fractions 
change with increasing NA. 
The starting point of the curve in Figure 3.6 is below zero, which means the primary 
initiator end group (SO4") is soluble in polymer B. This is certainly not true in a physical 
sense, so through parametric analysis the value of b can be adjusted to shift the starting 
point of the curve above zero, as in Figure 3.7. 
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Figure 3.7: Free energy profile (using Eq.(3.1) and Eq.(3.2)) showing solubility for a single growing 
oligomer chain in a polymer host. NB is 1024, a is 0.08, b is 40.0, and c is 0.25. Volume fractions 
change with increasing NA. 
The curve in Figure 3.7 corresponds with the previously shown Figure 2.7 (page 17), 
because at low chain length the oligomer (polymer A) is insoluble in polymer B, but 
becomes soluble in polymer B upon reaching a particular value of NA. It would take 
approximately 120 chains of polymer A of length 1,024 units to account for 1% of the 
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Figure 3.8: Volume fraction of polymer A (oligomeric) versus the chain length, NA for the oligomer 
modeled in Figure 3.7. 
Judging by the magnitude of 0A, there is a small change in the volume fraction of the 
oligomer as it grows unit by unit. This may account for the fact that Figure 3.7 shows the 
single oligomer phase separating at a value of NA of about 140, since it seems the X9A$B 
term of Eq.(3.1) provides the largest positive magnitude that drives the overall free 
energy in the positive direction as NA increases. The value of b for Figure 3.7 is set to 
40.0 because it is the condition under which the starting point of the curve (S(V) is 
insoluble in the host polymer (determined by a parametric analysis). A value of 0.25 is 
used as a reasonable value for c based upon a parameter analysis performed on this 
model, which was shown previously in this section. 
The free energy treatment for a single oligomer becoming soluble in a host 
polymer appears adequately modeled for the initial insoluble-to-soluble transition (Figure 
3.7), but there is still some work to be done for the point of phase separation. This aspect 
is difficult to model with full accuracy because the Flory-Huggins equation is truly 
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designed for the interaction between two polymers, instead of a very short-chained 
molecule with a long-chained polymer. Additionally, in the literature it has been shown 
that a critical size must be reached (on the order of 30 nm) in order for a domain of 
polymer chains to phase separate from its host polymer.36 And clearly the single 
oligomeric chain modeled in Figure 3.7 would not be able reach this critical size with 
only 140 monomer units. This critical size definition is not represented in the Flory-
Huggins expression, which may explain why Figure 3.7 depicts no phase separation for a 
single oligomer. Upon looking at the table of numbers for each term in Eq.(3.1), which is 
provided in Appendix F, it appears the AG/RT term continues to increase because the 
X(pA0B term ends up increasing in positive magnitude while the (/>Ahi(0A)/(NA+l) term 
becomes a lower magnitude negative number as NA increases. The 0Bln(0B)/NB term has 
very little effect on the AG/RT result because it is two orders of magnitude smaller than 
the 0Aln(0A)/(NA+l) and 0Bln(</>B)/NB terms. However, it is noticed that performing the 
Flory-Huggins-based analysis for a system which can be directly tested experimentally 
yields results which appear more realistic (as discussed in the following section). 
It is important to note that the modeling for oligomer solubility as shown in 
Figure 3.4 and Figure 3.7 is not meant to represent a perfect system because holding a 
constant while changing c is not necessarily possible in reality. This is because c is not 
necessarily independent of the a parameter, since both are specific to polymer A. 
However, the thermodynamic parameter analysis still provided an interesting view of 
oligomer solubility and insolubility in the host polymer. 
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Experimental and Analytical Techniques 
Chemicals for Oligomer Solubility Testing 
To best represent oligomers with very hydrophilic end groups, short chain length 
polystyrenes terminated with sulfonic acid (and sulfonic acid sodium salt) were used. 
The short-chain polymers were purchased from Polymer Source, Inc. and were of 
degrees of polymerization (n) of 2 to 104. The chemical structure of these short-chained 
polymers is depicted in Figure 3.9 and Table 3.1 lists the values of n for the samples 
used. 
CHa-CHj- C H - f c H j - C H ) ^ - C H J - C H J - C H J - S03H 
CH, r 
C H , - CH,- C H - ( CK ; - CH ] — CH,- CH,- C H , - SO, Na 
CH, <f 
^y 
Figure 3.9: Chemical structure of the short-chained polystyrene used for solubility experiments. 
Table 3.1: The number of styrene units for each "oligomeric" polymer chain used in solubility 










2 to 3 
2 to 3 
4 to 5 
9 to 10 
11 to 14 
19 to 28 
100 to 104 
A range of n values is calculated because one calculation is made for both the number 
and weight average molecular weights measured by the company which provided the 
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polymers. The details of this calculation are shown in Appendix E. It must be 
emphasized that the range of n values calculated for these polymers represents only the 
number of styrene units in the chain. Whenever n is referred to in the data, it is excluding 
the fact that the carbon-based end groups on the molecules, shown in Figure 3.9, consist 
of seven carbons, which constitutes the carbon content of approximately one more 
styrene unit. In addition to these polymers being used for testing, sodium n-dodecyl 
sulfate (SDS) was also used because it is a well known surfactant used in polymerization 
and its n value can be approximated to about 2 based upon the number of carbons in the 
molecule. For reference, the dry forms of the oligomeric polystyrenes and SDS are 
shown in Figure 3.10. 
n* n n 
SDS 2 to 3 2 to 3 4 to 5 
n* n n n 
9 to 10 11 to 14 19 to 28 100 to 104 
Figure 3.10: Photograph of the polystyrene of various chain lengths (and SDS) without any solvent, 
for reference. 
Note the apparent yellow color of the n = 2 to 3 and 4 to 5 polystyrenes, which accounts 
for the yellowish color of the solutions. Various solvents were used including: deionized 
(DI) water (from a Corning Mega Pure D2 water purifier), methanol (EMD Chemicals, 
99%), ethanol (Aldrich, 95%), and tetrahydrofuran (THF, EMD Chemicals, 99%). 
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Oligomer Solubility Testing 
The oligomer solubility testing utilized different solvents in order to observe the 
solubility of each short-chain polystyrene molecule. They were designed to correlate 
with the thermodynamic calculations described previously (beginning on page 34) in 
such a way that the solubility characteristics of different chain-length polystyrenes could 
be observed. For the case of water as the solvent, the expectation is that the solubility 
should follow the trend of a polystyrene oligomeric radical forming in the aqueous phase 
and gaining solubility in a polymer particle (thus losing water solubility). To do these 
tests, each polystyrene sample of different chain length was dissolved in a particular 
solvent at 2 wt.% (equal to 0A for part of the thermodynamic discussion beginning on 
page 34). The characteristics of the ability of the polymer to dissolve were noted in 
detail, including information such as the relative speed of solubility and turbidity of the 
solution. The tests were performed at room temperature and minor shaking was used 
either by hand or by use of a Lab-Line Orbit shaker table at less than 50 rpm. Digital 
photographs of the solutions were taken using a digital Nikon D100 with an AF Micro 
Nikkor 60 mm lens. 
Results and Discussion 
To observe the most intuitive case of oligomer solubility, DI water was used as a 
solvent. An undergraduate student, Zachary Gardner, performed the solubility 
experiment for the short-chained polymers in DI water, photographs of which are shown 
in Figure 3.11. Undergraduate student Emmanuel Pitia was also involved in preliminary 
testing and theoretical aspects of the solubility experiments. 
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n = 100 to 104 n = 19 to 28 n = 11 to 14 n = 4 to5 n = 2 t o 3 
Figure 3.11: Photograph of solubility experiment for the short-chained polystyrene in DI water at 
room temperature. These samples are for the non-sodium salt form of the polystyrene. The 
corresponding number of styrene units, n, is shown. 
The interesting result to this first experiment is the apparent cloudiness of the very small 
polystyrene chains, and the obvious insolubility of the longer polystyrene chains. The 
first three vials in Figure 3.11 show completely insoluble polystyrene in the form of 
white flakes at the bottom of the vials. The cloudiness of the latter two vials may indicate 
some point between full solubility and full insolubility. The fact that at least some 
solubility is noticed falls in line with the idea that polystyrene chains with S04" end 
groups have a z value of n = 2.7'14 This means that ~S04(St)n oligomers for n = 1 are 
soluble in water, those for n = 2 are marginally soluble in water and adsorb at the latex-
particle surface, and those for n >3 are insoluble in water. Thus it is not surprising to see 
turbid systems at n <5 in Figure 3.11, and completely insoluble systems at higher styrene 
contents. In fact, observation of the solubility of SDS (n ~2) in water (seen in Figure 
3.12) shows a nearly clear solution, since at 2wt.% in water, the SDS is above its CMC 
(meaning micelles are present). 
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SDS in water 
t^J 
Figure 3.12: SDS dissolved in deionized water at room temperature. 
Figure 3.13A-C contains images of the polystyrenes of various lengths mixed 
with the different solvents. Table 3.2 shows the tabulated results of the solubility tests, 
and should be viewed concurrently with the images of Figure 3.13A-C. 
n 
2 to 3 
n 
4 to 5 
n* 
9 to 10 
n 
11 to 14 
n 
19 to 28 
n 
100 to 104 
Figure 3.13A: Photograph of the polystyrene of various chain lengths (and SDS) in methanol. 
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9 to 10 
n 
11 to 14 
n 
19 to 28 
n 
100 to 104 




19 to 28 
n 
100 to 104 
Figure 3.13C: Photograph of the polystyrene of various chain lengths (and SDS) in THF. 
Figure 3.13: Solubility of polystyrene chains of various lengths (and SDS) in different solvents. The 
presence of an asterisk (*) means that a particular sample is the sodium salt form of the sulfonic acid 
terminated group. Note SDS is equated to n =2. 
Table 3.2: Tabulated observations for the solubility tests of various chain length polystyrene (and 
SDS) in methanol, ethanol, and THF. 
n 
SDS 
2 to 3 
(Na) 
2 to 3 
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* These suspended granules are suspected to be impurities and not a reflection of the polystyrene solubility 
Figure 3.13A shows SDS and the polystyrene oligomers mixed with methanol, a more 
non-polar solvent than water. It is seen that SDS and the non-sodium salt form of the 2-3 
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unit polystyrene oligomer are very soluble in methanol, whereas the sodium salt form is 
only partially soluble. This insolubility is unexpected because there is no obvious reason 
that a sodium salt form should not be able to form a solution in the same way that a 
proton-ended molecule could, given that the sulfonic acid is a strong acid. Although, for 
the longer chained polystyrenes up to n = 11 to 14, there is high solubility. However, it is 
not evident in the photographs that there are some very small granules which suspend 
easily in the solution, as indicated in Table 3.2. These granules are suspected to be 
impurities, considering how the vast majority of the polymer material quickly went into 
solution. At 19 to 28 units, strong insolubility is noticed, although it is not fully insoluble 
due to the fact that the granules are partially swollen within a slightly turbid solution. 
The polystyrene of n = 100 to 104 units is apparently completely insoluble in methanol, 
as seen by the mass of unswollen polymer granules on the bottom of the vial in a non-
turbid medium of methanol. As expected, the decreased polarity of the solvent 
(compared to water) allowed polymers of longer chain length to remain mostly in 
solution, but eventually to be totally insoluble at only moderately higher chain lengths. 
The chains in the presence of ethanol (slightly less polar than methanol) showed 
some similar behavior to the methanol case, but not identical. The first four vials in 
Figure 3.13B showed very similar results as compared to the first four vials in Figure 
3.13 A. However, the sodium salt form of the n = 9 to 10 unit chains showed significant 
insolubility in ethanol. The n = 11 to 14 and n = 19 to 28 chain sizes also showed very 
similar results to the same polymers in the presence of methanol (although the suspended 
granules are visible in the Figure 3.13B photograph for n = 11 to 14). The chain length 
of n = 100 to 104 showed significant insolubility in ethanol, but seemed to be very 
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slightly soluble as indicated by the very slight onset of turbidity of the medium. And so, 
the major differences between methanol and ethanol appear to be the decreased solubility 
of the sodium salt for of the chains with n = 9 to 10, and the very slight solubility noticed 
for the chains of n = 100 to 104. It is unclear as to why the sodium salt form suddenly 
showed some insolubility, but the apparent partial solubility of the long chain polystyrene 
follows the expectation that decreasing polarity should increase solubility of longer and 
longer chained polystyrene. 
Finally, THF (an even more non-polar solvent), was used to observe the solubility 
characteristics of the various chain lengths of polystyrene and SDS. Interestingly, Figure 
3.11C showed the SDS and sodium salt form of the n = 2 to 3 polystyrene were only 
partially soluble in the THF, and produced highly turbid solutions. The proton form of n 
= 2 to 3 and the n = 4 to 5 polystyrenes, however, produced very clear solutions, 
indicating high solubility. Perhaps the SDS and sodium salt forms with such low values 
of n are too polar compared to the THF solvent. The n = 9 to 10 (sodium salt form) and n 
= 11 to 14 showed partial solubility because of the turbidity and presence of little to no 
undissolved polymer mass at the bottom of the vials. This is an unexpected result, and it 
is unclear as to why there would be an intermediate length of polymer which would show 
partial insolubility. However, the largest two of the polymer samples (n — 19 to 28 and 
100 to 104) showed full solubility in THF, which is expected as it is commonly known 
that THF is a good solvent for polystyrene. 
With the experimental observations of solubility described in this section, it is 
possible in some cases to fit the observed results with the model described in Eq.(3.3) on 
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page 36. For instance, Figure 3.14 shows the modeling of polystyrene oligomer 
solubility in water as chain length increases. ^ 
Figure 3.14: Mathematical depiction of polystyrene oligomer solubility in water. NB = 1024, a = 0.5, 
b = 2.0, c = 0.35, and (j>A = 0.02. 
The experimental results for the polystyrene oligomers in water show partial solubility at 
n = 2 to 3 and 4 to 5, while SDS (n ~2) shows full solubility in water. The plot in Figure 
3.14 attempts to express this experimental observation by use of the mathematical model, 
where an n value of 0, 1 or 2 show solubility in water (negative free energy) and n values 
greater than 2 show insolubility in water (positive free energy). The values of a, b, and c 
were adjusted from the ones used in the initial modeling (the PSt/PMMA modeling in 
Figure 3.1, page 37) to fit appropriately for a system simply considering polystyrene 
oligomer solubility in water. The value if a was increased from 0.08 to 0.5, which makes 
intuitive sense because water is less compatible with PSt than PSt is with PMMA. The b 
value was decreased from 6.0 to 2.0 in order to show the initial solubility of the SCV in 
water, and the c value was increased slightly (0.25 to 0.35) to increase the rate of polarity 
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change of the oligomer enough to render the chain soluble at n = 2 and insoluble at n = 3. 
The experimental results show cloudiness for the range of n = 2 to 5, which could be an 
indication that these samples are impure mixtures of different sized polystyrene 
oligomers. However, beyond n = 5 there is clear insolubility, as shown by the positive 
free energy observed for the majority of the curve in Figure 3.14. 
The next solvents used in experimentation were MeOH and EtOH, whose 
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Figure 3.15: Mathematical depiction of polystyrene oligomer solubility in MeOH and EtOH. NB = 
1024, a = 0.2, b = 2.0, c = 0.6, and <j>A = 0.02. 
Since both MeOH and EtOH showed very similar experimental results in terms of 
solubility of the polystyrene oligomers, only one model is depicted. The polystyrene 
oligomers were apparently soluble in MeOH and EtOH for a larger value of NA than 
when in water. The model in Figure 3.15 expresses this, where insolubility is finally seen 
at an n value of about 19 monomer units. Relative to the model in Figure 3.14, the value 
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of a in the model shown in Figure 3.15 was decreased from 0.5 to 0.2, which indicates an 
increase in the compatibility between the solvent (MeOH, EtOH) and solute (polystyrene 
oligomers). The value of b was held the same (b = 2.0), since the SO4" is still largely 
soluble in the solvent. The value of c was also held the same (c = 0.35) since the 
difference in the a value was not significant enough to require an alteration in the rate of 
polarity change of the lower values of n (0 to 18) of the growing oligomer. The 
experimental results for THF were unexpected for the smaller values of n, because the 
solutions begin as insoluble (n = 2 to 3), become soluble (n = 2 to 5), become insoluble 
again (n — 9 to 14), and finally become soluble (n= 19 to 104). Because of this unusal 
observation, a mathematical model is not provided, however, there is at least certainty in 
the experimental results that high molecular weight polystyrene is indeed soluble in THF 
(as is commonly known). 
It seems that generally the solubility behavior of these low molecular weight 
polystyrene chains followed intuitive expectations based upon the concept of z values7' , 
which involves a dynamic solubility and surface activity profile (Figure 2.7, page 17). It 
is known that higher molecular weight polystyrene is insoluble in alkanes (octane to 
hexadecane) and alcohols (methanol to hexadecanol) at temperatures below 165 °c.38'39 
There is apparent solubility for the lower values of n when more polar solvents (e.g. 
MeOH) are used, and then eventually insolubility is noticed at higher values of n. In 
contrast, when a more non-polar solvent (e.g. THF) is used, the lower values of n show 
insolubility and the higher values of n show solubility. These solubility tests have shown 
that indeed different chain length polymers exhibit different solubility characteristics. 
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CHAPTER 4 
INVESTIGATION OF POLYMER CHAIN END ENTRY VS. 
ANCHORING 
Thermodynamic Calculations 
Free Energy of Stretching Derivation 
The free energy calculations for polymer chain stretching serve the important 
purpose of helping to understand the major driving force for burying polymer chain end 
groups which may penetrate into a latex particle.40 Both homogeneous and composite 





Figure 4.1: Chain stretching and burial diagrams for a homogeneous particle with chains having one 
end group. 
Figure 4.1 (A.) shows a polymer chain anchored to the surface of a particle by its ionic 
end group, and stretching toward the center. Figure 4.1(B.) shows the polymer chain 
after its ionic end group is combined with an opposing ion, detaching the chain from the 
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particle surface. Intuitively, the total free energy difference between combining ions and 
chain stretching would dictate thermodynamic favorability. Because both the depicted 
polymer chain and the particle are made up of the same monomers, the enthalpy of 
stretching is considered to be zero. The stretching entropy can be quantified ' as 
shown in Eq.(4.1). 
3k r2 
S ^ l n a ^ o — r £ r (4.1) 
where Si is the stretching entropy for a particular conformation (A or B in Figure 4.1), kb 
is the Boltzmann constant, r is the stretching distance, Rg is the radius of gyration over 
distance r, So is the reference state entropy, and D,v is the number of microstates with 
length r. Rg is representative of the dimensions a polymer chain occupies and is defined 
byEq.(4.2)43: 
Rg = WJN (4.2) 
where w is the bond length between monomer units and N is the number of monomer 
units. The change in free energy of stretching (between conformations A and B in Figure 
4.1) can be expressed as: 
^Gstretch=-(SB-SA)T (4.3) 
where T is the temperature at which the stretching occurs. For a homogeneous particle, 
the chains (with one end group) could stretch the radius of the particle (r = Rp). Then, by 
substitution of Eq.(4.1) into Eq.(4.3), the free energy change of stretching for a 
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homogeneous particle with chains containing one end group would be expressed as: 





In order to account for the free energy change of stretching for chains with two end 




Figure 4.2: Stretching and burial diagrams for a homogeneous particle with chains having two end 
groups. 
Comparing Figure 4.2 with Figure 4.1 (but assuming the overall MW of the black colored 
polymer chain is the same between both figures) it would be logical to simply multiply 





Before discussing the free energy required for combining ions, the free energy of 
stretching within a phase separated composite latex particle will be derived. A similar 
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schematic as for the homogeneous case can be drawn for composite particles as seen in 
Figure 4.3. 
"tetter" 
porter of , 





Figure 4.3: Chain stretching and burial diagrams for an inverted core-shell composite particle with 
chains having one end group. 1st stage polymer is blue and 2nd stage polymer is orange, and thus 
these are inverted core-shell morphologies. 
Figure 4.3(A.) shows a polymer chain (of second stage material) anchored at the surface 
of the particle by an ionic end group and stretching across the first stage shell to the 
center of the particle. Figure 4.3(B.) depicts the second stage polymer chain detached 
from the surface of the particle due to a counter-ion. As with the conformation in Figure 
4.2, the total free energy difference between the conformation in particle B and particle A 
in Figure 4.3 would dictate the thermodynamically favorable setup. However, because 
this is a two-phase system, the enthalpy of mixing (discussed later) must also be 
considered and added to the result. 
The free energy of stretching must be broken into two parts mathematically. This 
is because the chain must stretch through both the shell and core regions of the particle. 
Considering the shell first, the number of monomer units (within the chain), Ns, across 
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the shell can be expressed as: 
Ns = (RP-K) 
w 
(4.6) 
where Re is the diameter of the core of the particle. The radius of gyration for this 
segment can then be expressed as: 
Rg=w^ = Jw{RP-Rc). (4.7) 
Then the stretching free energy change across the shell (AG stretch) is: 






which becomes simplified algebraically to: 
AG's,retch ~ j kb? (4.9) 
The next consideration is stretching the chain through the core of the composite particle. 
The chain is stretching through a different portion of the particle and the radius of 
gyration for that section of the chain depends upon the length of the chain through the 
core radius. The number of monomer units through the core of the particle, Nc, can be 
expressed as: 




where N° is the total number of repeat units within the entire polymer chain. And 
therefore, the corresponding radius of gyration and free energy change of stretching with 
one end group across the core, AG
 stretch, would respectively be as follows: 
R =w\N° P c 
v w J 
(4.11) 
A G
- " 2 V 
1 — Rl 
w N°
 p R-R, 
w J J 
(4.12) 
Now that Eq.(4.9) and Eq.(4.12) have been obtained, they must be adjusted for the 
possibility of having two end groups on the polymer chain (one on each end) for which 
these free energy calculations are being done. It is easier to conceptualize by looking at a 
picture of such a conformation (as shown in Figure 4.4). 
—"t> 
Figure 4.4: Chain stretching and burial diagrams for a composite particle with chains having two 
end groups. 1st stage polymer is blue and 2nd stage polymer is orange, and thus these are inverted 
core-shell morphologies. 
For Eq.(4.9), the radii of gyration for each of the two chain segments passing through the 
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shell will be equal, as will the distance each of these segments stretches. Therefore, the 
overall equation is simply multiplied by a factor of two: 
AGstrelch=3kbT 
(
 RP-RC 1 
w 
(4.13) 
For Eq.(4.12), the stretching distance will remain the same, but the radius of gyration 
calculation will be affected by the fact that twice the number of units in the shell region 
will be subtracted, resulting in a smaller Rg for a chain with two end groups anchored to 
the particle surface. Also, since effectively two portions of the chain are undergoing the 
stretching, the overall stretching energy is multiplied by two: 







In addition, the enthalpy of mixing between the two different polymers (which 
occurs specifically between the shell of the particle and the tethered portion of the core 
polymer) must be taken into account in order to observe its effect on the overall free 
energy. It is known that the enthalpy of mixing, AHm;x, can be expressed as shown in 
Eq.(4.15).35c 
^ m i x = KT<I>A^BX (4.15) 
For heterogeneous particles, this enthalpic term combined with the entropic terms, 
described by Eq.(4.13) and Eq.(4.14), provide a mathematical representation of the free 
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energy change a polymer system will experience as a result of stretching a chain of 
polymer A through a phase of polymer B. Now that the appropriate mathematical 
expressions have been derived for free energy of stretching, it is now necessary to 
explore the free energy of combining water phase cations (e.g. K+, H+) with the anionic 
polymer end group (e.g. ~S04). 
Derivation of Free Energy for Combining Ions 
To estimate the free energy required to combine ions (a process which may allow 
a polymer chain to detach from the particle surface), it may be useful to consider 
enthalpic characteristics for combining certain ions in the aqueous phase. This is 
obviously pertinent because of the fact that ion combination which occurs during 
polymerizations for this project will be in the aqueous phase. As an example, the 
following reaction is interesting to examine: 
K+{aq)+SO:(:q)^KSOZ (4.16) 
A potassium ion combines with the charged sulfate end of an oligomeric chain (noted by 
the black asterisks in the superscript) in the aqueous phase. Using literature values of 
enthalpy, entropy and free energy values44 for components such as those in Eq.(4.16), a 
relatively simple calculation can be made to determine the free energy required to 
combine ions, (AGci). This free energy can be calculated by: 
AG°CI = AG°f (KSOZ ) - AG°f (K^ ) - AG°f ( - t f?~ , ) (4.17) 
where it is simply made up of three terms of Gibbs free energy of formation. Of course, 
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this free energy can be calculated for various systems of ions. Note that thermodynamic 
values for species with a carbon chain attached are approximated to be equal to values for 
species with a hydrogen in place of the carbon chain (such as "SCV"' corresponding to ~ 
HSO4). Table 4.1 shows the calculated free energy for combining ions of K+, Na , and 
H+ with HSO4". The calculations for these ion combinations are shown in Appendix E. 
Table 4.1: Values of the free energy required to combine the noted cations with an "HSO4 anion.44 




The difference in energy between these ions is not very large. Finally, with the 
appropriate mathematical expressions to determine the free energy of polymer chains 
stretching through polymer particles in addition to combining ions, it is possible to 
calculate the thermodynamically favorable conformations. 
Free Energy Treatment of Polymer Chains within Latex Particles 
In calculating the free energy profiles of a polymer chain stretching through a 
polymer particle, there are three important considerations to note as illustrated in Figure 
4.5. 
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Figure 4.5: Important considerations for calculating free energy profiles of a polymer chain 
stretching through a polymer particle. Blue represents seed polymer, orange represents 2" stage 
polymer, and the black line crossing through the particle is a chain of 2nd stage polymer. 
The 2nd stage molecular weight would certainly be important because the shorter the 
polymer chain undergoing the stretching, the more the stretched part of the chain 
contributes to the total chain's free energy profile. A longer chain would have a lower 
free energy in the stretched state than a shorter chain would. The stage ratio, which refers 
to the ratio of 2nd stage polymer to seed polymer, can also affect the calculations as it 
influences the total required stretching distance for the 2nd stage polymer chain. For the 
same reason, the seed diameter is an important consideration since it directly affects the 
stage ratio of the system. 
Starting with calculations for homogeneous particles, the total free energy 
difference between stretching a polymer chain and combining ions (AGci + AGstretch) for 
various molecular weights of the chains is depicted in Figure 4.6. Stage ratio and seed 
diameter do not matter since the whole particle is one phase. 
67 












50^500 52L_MW =500,000 
MW =1,000,000 
Particle Diameter (nm) 
Figure 4.6: Free energy profile for a homogeneous polymer particle in which the entering chains are 
of the same material. The free energy represents the total free energy difference between combining 
ions (K+ and HS04") and stretching polymers chains. This calculation was made assuming two 
initiator end groups (S04) per chain (bimolecular termination). 
AGCi is a constant value for a particular set of chosen ions. For these calculations, K+ and 
HSO4" are used, however, as shown in the previous section in Table 4.1, the difference in 
free energy for different ions was not very significant. AGstretch is the reason the total free 
energy value deviates as particle diameter changes. Figure 4.6 indicates that stretching 
the chains is always favorable for particles between 50 and 500 nm when the 2nd stage 
molecular weight is high (5xl05 to 106 g/mol). But as one may expect, combining ions is 
more energetically favorable for lower molecular weight 2nd stage in larger particles 
(-250+ nm). Figure 4.7 shows the result for a homogeneous particle if there is only one 
initiator end group per chain. 
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Figure 4.7: Free energy profile for a homogeneous polymer particle in which the entering chains are 
of the same material. The free energy represents the total free energy difference between combining 
ions (K+ and HSO4") and stretching polymers chains. This calculation was made assuming one 
initiator end group (S04) per chain. 
The overall conformation favorability remains the same, since removing the dependence 
on one end group simply reduces both the AGci and AGstretch values by a factor of two. 
When considering these thermodynamic calculations for composite latex particles 
which are of core-shell (or inverted core-shell) morphology, it is important to be careful 
about which phase is the shell material and which phase is the core material. As has been 
described in this section, the core material is actually the 2nd stage polymer, and the 1st 
stage material (seed) is the shell material (this morphology is called an inverted core-
shell). The stage ratio for the case of an inverted core-shell means the mass ratio of core 
polymer (2nd stage) to shell polymer (seed). Therefore, a larger stage ratio means a larger 
core and less shell polymer. This equates to less shell thickness, which is defined in 
Figure 4.8, followed by the free energy profile for a composite particle as a function of 
core diameter in Figure 4.9. Note that the free energy of mixing between the 1st and 2nd 
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noticeably due to its small magnitude relative to stretching and combining ions (even if 
the x is maximized to cater toward phase mixing). 
D P - D C = DS 
0.5(DS) = Stretching distance 
of one chain end 
Figure 4.8: Depiction of composite particle shell thickness, where Dp is the total particle diameter, Dc 
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Figure 4.9: Free energy profile vs. core diameter for a composite polymer particle in which the 
entering chains are of a different polymer than the seed. The free energy represents the total free 
energy difference between combining ions (K+ and HS04") and stretching polymers chains. This 
calculation was made assuming two initiator end groups ("S04) per chain and between total particle 
diameters of 50 and 500 nm. The molecular weight of the 2nd stage is 100,000 g/mol. 
The trend appears to be that larger stage ratios require larger core diameters for 
combining ions to gain favorability. This is reasonable because a high stage ratio for this 
case means less shell material is present, and so the burden of a chain stretching through 
the 1st stage shell material does not become significant against chain stretching until the 
core diameter becomes large. Likewise a low stage ratio means more shell polymer is 
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present relative to the core, and so combining ions becomes the more energetically 
favorable conformation much sooner. To illustrate the effect 2" stage molecular weight 
has on the composite calculation, observe Figure 4.10 which represents a 2" stage 
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Figure 4.10: Free energy profile core diameter for a composite polymer particle in which the 
entering chains are of a different polymer than the seed. The free energy represents the total free 
energy difference between combining ions (K+ and HS04") and stretching polymers chains. This 
calculation was made assuming two initiator end groups (~S04) per chain and between total particle 
«nd , diameters of 50 and 500 nm. The molecular weight of the 2 stage is 500,000 g/mol. 
Notice that stretching becomes much more favorable for the model range, which makes 
intuitive sense since the longer chains are less hindered by the required energy as it is 
only a small fraction of the entire chain length that is stretching. It seems only possible to 
achieve combining ions with low stage ratio and large core diameters. And finally, as 
with the homogeneous particles discussed previously, adjusting the composite calculation 
to one initiator end group per chain has no effect on the core diameter required to shift 
favorability from chain stretching to combining ions. 
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Experimental Design 
Choice of Water Phase Initiators 
An important starting point for considering the ultimate fate of polymer chain 
initiator end groups is in the water phase. Without the water phase, no polymerization 
would be able to occur because it is the transport medium through which aqueous derived 
radicals and monomers meet each other and the polymer particles. Typically, KPS is 
used as an initiator, which produces an anionic primary sulfate radical that eventually 
may become the end group of a polymer chain. It has been proposed by others ' ' that 
these end groups cannot enter a particle due to their ionic nature, and therefore anchor to 
particle surfaces. If anchoring is indeed to occur, then for composite particles (such as 
core-shell or occluded) it would be logical to presume that there is chain stretching 
occurring through the particle as depicted in Figure 4.11. 
. Initiator 
end group 
Stretching to core Stretching to occlusions Combining ions 
Figure 4.11: Anchoring end groups compared to combining ions for a composite particle. 
The possibility of the end groups combining ions to allow oligomer entry into the 
particles seems to be the more logical pathway for cases where the second stage polymer 
is located within the center of the seed particles, or as occlusions within the seed. The 
free energy calculations in this work (page 58) do in fact show which particle sizes, 
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molecular weights, and stage ratios under which stretching or combining ions may be 
energetically favorable. 
To prove that chain stretching is not occurring, it would be necessary to document 
that sulfate end groups reside within the particle. A very interesting method in which to 
do this is potentially by elemental mapping (ESI TEM) performed by Galembeck et 
al. ' ' Using this technique it is possible to map elements within latex particles, 
including sulfur (a unique element in the KPS structure). As such, KPS was used as an 
initiator for which mapping its presence would be possible. The use of another type of 
initiator without sulfur would be useful as well, to ensure the ability to differentiate the 
locale of initiator end groups from one stage of polymer from another. VA-086 initiator 
was chosen for this, whose structure is shown in Figure 4.12. 
O CH3 CH3 O 
\\ I I // 
C—C—N=N—C—C 
I \ I \ 
HOH2CH2CHN CH3 CH3 NHCH2CH2OH 
Figure 4.12: The structure of 2,2'-Azobis[2-methyl-N-(2-hydroxyethyl)propionamide] initiator (VA-
086).45 
This water soluble initiator thermally decomposes in the water and forms two carbon-
centered radicals as the nitrogen is released to form N2 gas. This provides an initiator 
which produces polymer end groups without sulfur. 
Experiments to Validate Elemental Mapping 
A series of eight latices was planned and synthesized, alternating the seed and 2nd 
stage initiators as shown in Table 4.2 (page 78). A set of homogeneous polystyrene 
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particles was planned as well as a heterogeneous set composed of poly(styrene/methyl 
methacrylate). The heterogeneous set was chosen to allow for microtomed and stained 
TEM analysis of the samples to ensure the morphological structure is determined and is 
as expected. The homogeneous particles would be unable to be characterized by simple 
stained TEM techniques since the entire particle would simply be stained with no contrast 
between the 1st and 2nd stage polystyrene. Both systems would potentially be able to be 
analyzed by the elemental mapping technique through ESI TEM. 
It is important to note that these polymers have high glass transition temperatures 
(Tg) of 104°C (polystyrene) and 120°C (PMMA). The Tg is a physical property 
indicating a point (more commonly a range of temperature around this point with a 20°C 
window) at which a polymer changes from being hard and glassy to soft and rubbery (or 
vice versa depending upon the direction of temperature transitioning). High Tg polymers 
(ie: pSt and PMMA) are glassy and brittle at room temperature, whereas lower Tg 
polymers (with Tg values closer to room temperature and lower, such as poly(butyl 
acrylate) and poly(methyl acrylate)), are soft, rubbery, and usually film-forming. The Tg 
of a polymer formed by the copolymerization of two different monomers can be 
determined by the Fox equation shown in Eq.(4.18)46: 
1 
T T T (4.18) 
where xA is the mass fraction of monomer A, xB is the mass fraction of monomer B, TgA 
is the Tg of the polymer composed of monomer A, TgB is the Tg of the polymer composed 
of monomer B, and Tgc is the Tg of the copolymer of monomers A and B at the specified 
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mass fractions. Note that the temperatures used in the Fox equation are in units of 
Kelvin. It should also be mentioned that polymers have both a dry and wet state Tg; this 
means that without water present, they exhibit a particular Tg, whereas with water 
present, a different Tg can be noticed as the polymer is hydroplasticized. However, as 
will be seen in the experiments for this dissertation, the difference in the wet state and dry 
state Tg for second stage polymers is not significant enough to change the overall 
intended outcome of the polymerization. 
The selection of PSt and PMMA as polymers for testing elemental mapping was 
done such that the first and second stage material is hard enough at reaction temperature 
(70°C) to maintain a high viscosity, and thus restrict diffusion of polymer chains. This 
allows for selective locationing of the initiator end groups (ie: SO4") and thus allowing for 
an adequate test of the ability to map elements within a polymer particle. Each 
experiment for this study was simulated in UNHLATEX™ KMORPH and EQMORPH 
programs, which are designed to simulate a emulsion polymerization under user-specified 
conditions.47'48 Kmorph provides kinetic modeling by consideration of polymer chain 
diffusion and provides morphological predictions; Eqmorph provides the equilibrium 
conformation of latex systems by consideration of thermodynamic calculations with 
interfacial tensions. Figure 4.13 describes the predicted morphologies for batch versus 
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Figure 4.13: Kmorph and Eqmorph47'48 simulation results which depict: (a.) predicted kinetically 
"frozen" morphology for a batch reaction with a PSt seed and PMMA 2nd stage, (b.) corresponding 
radial distribution of 2nd stage polymer through a latex particle shown , (c.) predicted kinetic 
morphology for a semi-continuous reaction with a PSt seed and PMMA 2nd stage, (d.) corresponding 
radial distribution of 2nd stage polymer through a latex particle, (e.) predicted equilibrium 
morphology of a heterogeneous system for both a batch and semi-continuous reaction, and (f.) 
predicted equilibrium morphology of a homogeneous system for both a batch and semi-continuous 
reaction. Gray color in the Kmorph images represents second stage polymer and white color within 
the circle represents seed polymer. r/R = 0 at the particle center and r/R = 1 at the particle surface. 
The stage ratio for these simulations is 340%. 
Figure 4.13 (a.) shows a morphology where the second stage polymer is able to penetrate 
the particle and (b.) is the corresponding graphical representation. Figure 4.13 (c.) and 
(d.) show the semi-batch morphology where the second stage polymer is unable to diffuse 
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beyond the outside of the particle due to the high viscosity of the seed particle. These 
four pictures are specifically calculated for a PMMA second stage with a PSt seed, but 
the results are very similar for a homogeneous system where the second stage is also PSt, 
as shown in Appendix A. And so, if KPS initiator is used for the second stage polymer, 
but not the seed polymer, then a sulfur map should show a similar distribution as seen in 
Figure 4.13. Figure 4.13 (e.) and (f.) show the thermodynamic equilibrium conformation 
for the simulated polymer systems, meaning the position in which both polymer phases 
would favor if all chains were allowed to diffuse freely (such as when undergoing a 
process called thermal annealing which is discussed later). It is useful to compare the 
equilibrium versus kinetic morphology because in an actual polymerization it is possible 
that one will obtain a morphology which is a combination of the two, whether there is a 
presence of occlusions or a hemisphere of one polymer phase. Table 4.2 contains the 
outline of experiments used to validate elemental mapping, whose simulated results are 
shown in Appendix A. 
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The desired particle size to use for these experiments was selected based upon the 
thermodynamic calculations described in the section on page 58. For the homogeneous 
set, Figure 4.6 (page 68) was used to select a seed size of 100 nm and a target growth size 
of 170 nm. For the heterogeneous set, Figure 4.9 (page 70) was used to also select a seed 
size of 100 nm and target growth size of 170 nm. These particle sizes were chosen 
because they should be well within the free energy range required for chain stretching to 
theoretically be favorable. However, the thesis of this work is to show that chain 
• 7 8 
stretching will not actually occur for these systems even though it seems to be 
energetically favorable as shown in Figure 4.6 and Figure 4.9. And it should be reiterated 
that the set of eight experiments shown in Table 4.2 are truly meant to test the ability of 
the elemental mapping technique to distinguish between VA-086 and KPS initiator in 
different polymer phases. 
Note that the free energy calculations for two end groups per polymer chain were 
used because in this system the aim will be to keep 2" stage molecular weights low 
enough to avoid a phenomenon called chain transfer to monomer as shown in Figure 
4.14. 
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Figure 4.14: Chain transfer to monomer reactor for a polystyrene radical. 
This chain transfer results in termination of the radical activity of a polymer chain by 
means of a hydrogen abstraction from a vinyl monomer, and thus the radical activity is 
transferred to the monomer molecule. This is undesirable partly because fewer chains are 
terminated by a sulfate end group on both sides, which reduces the ability to map each 
polymer chain by its end groups. However, the main reason the chain transfer to 
monomer process is undesirable for this work is because it creates single unit monomer 
radicals which can diffuse quite easily in the particles as compared to a sulfate ion radical 
(which cannot enter a particle by itself). The control of the second stage polymerization 
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with a specific end group is necessary to validate the interpretations of an elemental map 
of a latex particle. The frequency of this chain transfer for styrene monomer ' is 
reported as 0.92xl0"4, which equates to (0.92xl0"4)_1 = 10,869 monomer units per single 
transfer event, or 10,869 (104 g/mol) «1,130,000 g/mol molecular weight (at 60°C). For 
the set of experiments in Table 4.2, chain transfer to monomer was minimized by 
attempting to keep the 2nd stage molecular weight below 106 g/mol. According to the 
Kmorph simulation data as shown in Table 4.3, the number average molecular weight of 
each experiment should be below 6xl05 g/mol, which is well below the limit for chain 
transfer being a factor. 
Table 4.3: Kmorph simulated number average molecular weight (Mn) and polydispersity (Mw/Mn) of 
desired experiment latices as would be measured by GPC. Note that the reported molecular weight 
represents what a GPC would produce with the corresponding composite or seed. 












































Each of the experiments outlined in Table 4.2 has an intended and expected sulfur 
distribution, as well as an oxygen distribution which is interesting to consider. Figure 
4.15A-H provides the expected sulfur and oxygen maps for each latex in Table 4.2. Note 
that Figure 4.15A and E depict two possible morphologies; this is true because depending 
on whether or not the particle phases are kinetically "frozen" (the occluded structure) or 
reached equilibrium (the core-shell structure), one conformation will be possible (or a 
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combination of the two). 
BSP3-24 
Batch Reaction 
Idealized Sulfur Distribution 
Polystyrene seed, no sulfur 
(VA-086 initiator) 
Poly(methyl methacrylate) 2nd stage, with 
sulfur (from KPS initiator) 
Idealized Oxygen Distribution 
or 
Polystyrene seed, some 
oxygen (from VA-086 initiator) 
Poly(methyl methacrylate) 2nd stage, more 
oxygen (from KPS initiator and pMMA) 
Figure 4.15A: BSP3-24. 
BSP3-25 
Semi-Cont inuous Reaction 
Idealized Sulfur Distribution 
Polystyrene seed, no sulfur 
(VA-086 initiator) 
Poly(methyl methacrylate) 2nd stage, with 
sulfur (from KPS initiator) 
Idealized Oxygen Distribution 
Polystyrene seed, some 
oxygen (from VA-086 initiator) 
Poly(methyl methacrylate) 2nd stage, more 
oxygen (from KPS initiator and pMMA) 




Idealized Sulfur Distribution 
Polystyrene phase, mixture of both 1s t and 2nd 
stages, "diluted" sulfur signal throughout particle 
(from KPS initiator of 2nd stage) 
Idealized Oxygen Distribution 
Polystyrene phase, oxygen present from both stages 
(from KPS, VA-086); likely a stronger signal than the 
sulfur map 
Figure 4.15C: BSP3-27. 
BSP3-28 
Semi-Cont inuous Reaction 
Idealized Sulfur Distribution 
Polystyrene seed, no sulfur 
(VA-086 initiator) 
Polystyrene 2nd stage, with sulfur (from 
KPS initiator) 
Idealized Oxygen Distribution 
Polystyrene seed, some oxygen (from 
VA-086 initiator) 
Polystyrene 2nd stage, some oxygen (from 
KPS initiator) 
Note: the overall oxygen distribution may be stronger in the second stage 
because of the oxygen density of KPS versus VA-086, however the difference 
may be undetectable. 
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Idealized Oxygen Distribution 
fMifSS Polystyrene seed, with sulfur 
SffuMSf
 ( f r o m K p s i n i t i a t o r ) 
f ^ 5 j & j | Poly(methyl methacrylate) 2nd stage, no 
™ " ™ sulfur (VA-086 initiator) 
Polystyrene seed, some 
oxygen (from KPS initiator) 
Poly(methyl methacrylate) 2nd stage, more 
oxygen (from VA-086 initiator and pMMA) 
Figure 4.15E: BSP3-29. 
BSP3-30 
Semi-Cont inuous Reaction 
Idealized Sulfur Distribution 
"«8% ft?*- Polystyrene seed, with sulfur (from KPS initiator) 
Poly(methyl methacrylate) 2nd stage, no 
sulfur (VA-086 initiator) 
Idealized Oxygen Distribution 
Polystyrene seed, some oxygen 
(from KPS initiator) 
Poly(methyl methacrylate) 2nd stage, more 
oxygen (from VA-086 initiator and pMMA) 




Idealized Sulfur Distribution 
Polystyrene phase, mixture of both 1s t and 2nd PS 
stages, "diluted" sulfur signal throughout particle 
(from KPS initiator of 1s t stage) 
Idealized Oxygen Distribution 
Polystyrene phase, oxygen present from both stages 
(from KPS, VA-086); likely a stronger signal than the 
sulfur map 
Figure 4.15G: BSP3-31. 
BSP3-32 
Semi-Cont inuous Reaction 
Idealized Sulfur Distribution 
Polystyrene seed, with sulfur 
(from KPS initiator) 
Polystyrene 2nd stage, no sulfur (VA-086 
initiator) 
Idealized Oxygen Distribution 
Polystyrene seed, some oxygen (from 
KPS initiator) 
Polystyrene 2nd stage, some oxygen (from 
'""WHIP''"' HBHsasasB VA-086 initiator) 
Note: the overall oxygen distribution may be stronger in the second stage 
because of the oxygen density of KPS versus VA-086, however the difference 
may be undetectable. 
Figure 4.15H: BSP3-32. 
Figure 4.15: Sulfur and oxygen distribution expectations for experiments BSP3-24 to BSP3-32 (from 
Table 4.2). 
The expectation is that a batch reaction will result in the softening of the normally 
hard polystyrene seed particle. The softening results from aqueous phase monomer 
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dissolving in large amounts in the polystyrene particles, greatly reducing the viscosity of 
the particle material. This reduction in viscosity will greatly enhance the ability of the 
second stage oligoradicals to diffuse within the particles and bring along the initiator end 
groups, if possible. If they cannot enter the particle even under these conditions, then 
they should remain anchored to the surface. The hypothesis, however, is that for a batch 
reaction the sulfur distribution should be uniform throughout the particle. For the semi-
continuous reactions, the important feature is that the Tg of polystyrene is 104°C (both the 
dry and wet state Tg values are very close), and therefore even at a reaction temperature 
of 70°C it will remain hard. Slowly feeding monomer into the water in a semi-continuous 
(or starve-fed) reaction results in a low level of monomer dissolved in the water. Since 
the monomer does not accumulate to a large degree in the water phase, the concentration 
of monomer in the particles, cp, may be less than 1 M (a batch reaction would be about 4 
M for a stage ratio of 1:1). It is under this circumstance that the newly polymerized 
second stage material will be forced to stay near the surface of the particles, showing that 
control over the location of the end groups is present. Figure 4.15C, G and possibly A 
perhaps represent the most interesting experiments because there should be a strong 
indication (through the elemental mapping of sulfur through the particle) that the initiator 
end groups do in fact diffuse through particles instead of anchoring to the surface. The 
oxygen maps should be useful in verifying the morphological features of the particles, 
since PMMA has a detectable oxygen content whereas pure polystyrene does not. 
Physical Blend for Further Elemental Mapping Validation 
In order to ensure confidence that the elemental mapping is indeed accurately able 
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to display the location of sulfur and oxygen in these composite samples, a simple blend of 
single-phase latices was created. This entailed physically blending together a 
poly(MMA) latex (polymerized with KPS) with a polystyrene latex (polymerized with 
VA-086). This would prove useful because it would act as an indicator as to whether or 
not simple elemental mapping can be observed in simple, single-phase particles. In 
addition, the polystyrene particles are stainable by certain chemical agents, which means 
a blend of the polystyrene and poly(MMA) particles should be very easy to discern in 
standard TEM. 
Experiments to Refute Complete Chain End Anchoring 
In addition to the experiments described in Figure 4.15, a set of polymerizations 
was carried out in which the first and second stage polymers are allowed to mix as 
completely as possible through kinetic thermodynamics (as opposed to equilibrium 
thermodynamics). For these experiments, a P(styrene-co-n-butyl acrylate) (P(St-co-BA)) 
seed was polymerized whose dry state Tg is measured to be 60°C (and its wet state Tg is 
lower only by about 3°C). Previous studies by Stubbs and Sundberg using this seed 
composition have been done where MMA was polymerized as the second stage in a semi-
continuous reaction.3 The result showed complete phase mixing between the two stages 
(kinetically frozen) until the end of the reaction where the composite material's effective 
Tg became too high such that diffusion of the propagating PMMA chains was restricted, 
thus forcing a small shell of PMMA (both wet and dry Tg values are high at 120°C and ~ 
94°C, respectively) to form on the outside of the largely mixed phase core. The aim for 
the current project was to replicate the Stubbs and Sundberg polymerization, with the 
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major difference being to use VA-086 to synthesize the seed latex and KPS to polymerize 
the seed with a second stage polymer so that elemental mapping can be utilized to 
determine the location of the S04 initiator end groups. 
If in fact the second stage material largely mixes with the seed polymer, and an 
elemental map of sulfur shows a uniform distribution, it would be strong evidence against 
the theory of complete chain end anchoring. Table 4.4 depicts the polymerization 
scheme used to refute the anchoring mechanism. In each case, some degree of phase 
mixing is expected between the P(St-co-BA) seed and the 2nd stage polymers: PMMA, 
P(methyl acrylate-co-MMA) (a.k.a. P(MA-co-MMA)), and P(MA-co-«-butyl 
methacrylate) (a.k.a. P(MA-co-BMA)). 
Table 4.4: Experiment matrix plan for refuting the anchoring mechanism. Reaction temperature is 







Tg @ 60°C 
St-co-BA 
Tg @ 60°C 
St-co-BA 











Tg @ 60°C 
MA-co-MMA 















The second stage heteropolymers for BSP3-52 and BSP3-57 were selected largely 
because they were much softer than the PMMA, and thus would potentially exhibit more 
phase separation due to the enhanced flexibility of the chains. The first and second stages 
in these systems should show less and less mixing as the second stage Tg becomes further 
below the reaction temperature. Note that the wet Tg values for BSP3-49, 52, and 57 are 
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approximately 94°C, 40°C, and 13°C, respectively. For the purposes of these latices, 
these wet stage Tg values are adequate since that of BSP3-49 is far above reaction 
temperature and both values for BSP3-52 and 57 are below reaction temperature. Then, 
upon confirmation of the degree of phase mixing for the three experiments, they can be 
exposed to high temperature (150°C) in order to allow the particles to reach their 
equilibrium conformation. This exposure to high temperature is referred to as thermal 
annealing. The acrylic second stage polymer is hydrophilic and in an equilibrium sense 
will preferentially reside on the outside of the particle (where the water is in latex form) 
and the much more hydrophobic seed polymer will preferentially reside in the center of 
the particle as the core. If annealed in a dry state, the opposite morphology may be 
expected since air is non-polar. This rearrangement of the polymer phases is to minimize 
the interfacial tension of each phase. As shown in Table 4.5, acrylic polymers have 
significantly lower interfacial tensions against water than do more hydrophobic polymers 
such as polystyrene.51 
Table 4.5: Interfacial tensions of polymers with water (YPAV) as calculated by concentration gradient 





















It is therefore expected that with thermal annealing, each of the experiments in Table 4.4 
should phase separate to a core-shell morphology where the P(St-co-BA) seed is the core 
material and the acrylic second stages are the shell phase. The Eqmorph simulations for 
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these experiments yield the same predicted morphology (core-shell) as seen in Figure 
4.13 (e.) on page 76, where the acrylic polymer phase separates and transitions to the 
outside of the particle, minimizing its interfacial tension by maximizing its contact with 
water. The Kmorph simulations for these particular experiments are not very telling in 
terms of morphology since the program does not take phase mixing into account. 
However, the molecular weight information from Kmorph shows that chain transfer to 
monomer should be avoidable for these experiments (as shown in Table 4.6), since they 
are well below the limit of 106 g/mol. 
Table 4.6: Kmorph simulated number average molecular weight (Mn) and polydispersity (Mw/M„) of 
desired experiment latices as would be measured by GPC. Note that the reported molecular weight 
represents what a GPC would produce with the corresponding composite or seed. 















Figure 4.16A-C depict the expected sulfur and oxygen distributions for the experiments 
outlined in Table 4.4, as well as the expected morphological state both before and after 
thermal annealing. Note that the morphologies shown are idealized, and it is 





Idealized Sulfur Distribution 
Kinetically 
"frozen" 





] Pure phase p(MMA), contains sulfur from 
2nd stage KPS 
Mixed phase of p(St-co-BA) with 
p(MMA), contains some sulfur from 2nd 
stage KPS 
Pure phase p(St-co-BA) with no sulfur 
present (VA-086 initiator) relative sulfur 
content 
Pure phase p(MMA), contains oxygen 
from MMA and KPS 
Mixed phase of p(St-co-BA) with 
p(MMA), contains oxygen from BA, 
MMA, KPS, and VA-086 
Pure phase p(St-co-BA), contains 
oxygen from BA and VA-086 relative oxygen 
content 
Figure 4.16A: BSP3-49. 
BSP3-52 
Semi-Continuous Reaction 





Pure phase p(MMA-co-MA), contains 
sulfur from 2nd stage KPS 
Mixed phase of p(St-co-BA) with p(MMA-
co-MA), contains some sulfur from 2nd 
stage KPS 
Pure phase p(St-co-BA) with no sulfur 
present (VA-086 initiator) 







Pure phase p(MMA-co-MA), contains 
oxygen from MMA, MA, and KPS 
Mixed phase of p(St-co-BA) with p(MMA-
co-MA), contains oxygen from BA, MMA, 
MA, KPS, and VA-086 
Pure phase p(St-co-BA), contains 
oxygen from BA and VA-086 relative oxygen 
content 












Pure phase p(MA-co-BMA), contains 
sulfur from 2nd stage KPS 
Mixed phase of p(St-co-BA) with p(MA-
co-BMA), contains some sulfur from 2nd 
stage KPS 
Pure phase p(St-co-BA) with no sulfur 
present (VA-086 initiator) relative sulfur 
content 
Pure phase p(MA-co-BMA), contains 
oxygen from MA, BMA, and KPS 
Mixed phase of p(St-co-BA) with p(MA-
co-BMA), contains oxygen from BA, MA, 
BMA, KPS, and VA-086 
Pure phase p(St-co-BA), contains 
oxygen from BA and VA-086 relative oxygen 
content 
Figure 4.16C: BSP3-57. 
Figure 4.16: Sulfur and oxygen distribution expectations for experiments BSP3-49, BSP3-52, and 
BSP3-57 (fromTable 4.4). 
As mentioned previously, BSP3-49 should contain mostly mixed material, but as the Tg 
of the composite material becomes higher and higher above the reaction temperature, 
particle phase viscosity will become too high to allow newly forming chains to penetrate 
very far into the particle. Therefore, the sulfur should be less distributed throughout the 
entire particle, and more highly concentrated around the outside where the pure phase 
PMMA is, since the mixed phase will be a "diluted" sulfur mixture as the P(St-co-BA) 
chains contain no sulfur end groups. Upon annealing, the PMMA should phase separate 
and reside on the outside of the particle, which would mean most of the sulfur should also 
be detected on the outside of the particle. An oxygen map should show oxygen 
everywhere in the particle since both the seed and second stage polymers have oxygen-
containing components. A greater concentration of oxygen may be noticed where the 
PMMA is, however, because with a 1:1 stage ratio the P(St-co-BA) oxygen signal will be 
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less intense due to the lack of oxygen in styrene monomers. The elemental maps for 
BSP3-52 and BSP3-57 should be very similar to BSP3-49. The major difference would 
be that there should be more total phase mixing in BSP3-52 and BSP3-57 since the 
second stage polymer is not of high Tg. Otherwise, similar results should be obtained for 
the elemental maps as explained for BSP3-49. 
Experimental 
Chemicals for Latex Synthesis 
Styrene (St), methyl methacrylate (MMA), «-butyl acrylate (BA), methyl acrylate 
(MA), and n-butyl methacrylate (BMA) (99%, Acros Organics) were cleaned of 
inhibitors by passing them through alumina adsorption powder (80-200 mesh, Fisher 
Scientific) and stored at -10°C. Certain experiments used as received an analytical grade 
sodium bicarbonate (NaHCOs) (EM Science) as a buffering agent. Every experiment 
used deionized (DI) water from a Corning Mega Pure D2 water purifier and sodium n-
dodecyl sulfate (SDS) (99%, Alfa Aesar) as a surfactant used as received. The initiators 
used were potassium persulfate (KPS) (99%, Alfa Aesar) and VA-086 (Wako Chemical) 
and were used as received. Nitrogen gas (N2) from Airgas Inc. was used as received. 
Latex Synthesis Procedures 
Seed Latex Preparation for Elemental Mapping Validation Experiments 
The two seed latices (BSP3-16 and BSP3-17) for the matrix in Table 4.2 were 
grown from preseed latices (BSP3-10 and BSP3-11). These initial preseeds were 
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synthesized using an ab initio (non-seeded) emulsion polymerization process. These 
latices and all others (unless otherwise noted) were synthesized in a 250 mL jacketed 
reactor whose general setup is shown in Figure 4.17. 
Condenser inlet 
Condenser outlet 






Figure 4.17: General reactor setup for small-scale emulsion polymerization. 
The clean reactor was placed onto a magnetic stir plate with a magnetic stir bar placed 
into the reactor. A water jacket inlet and outlet were connected to the reactor so as to 
provide a means of keeping the reaction temperature as constant as possible. The jacket 
served two purposes in its course to keep a constant temperature: to heat the initial 
charge of the reactor to reaction temperature and to cool the reactor in the case that the 
heat of polymerization causes an increase in the reaction fluid temperature. For every 
polymerization conducted in this work, a reaction temperature of 70°C was used. The 
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jacket of the reactor was completely filled with water so that no air spaces could hinder 
heat transfer. 
The N2 inlet (22 gauge needle) was set to flow through the needle at a rate of 
about one bubble per second. The N2 flow from the top of the condenser was then 
checked to ensure no leakage occurred within the reactor setup. An atmosphere of N2 is 
used to exclude air from the system because it contains oxygen—a free radical scavenger. 
The reactor was then charged of the appropriate initial ingredients which typically 
included DI water, seed latex, and surfactant. The water was previously boiled in order 
to minimize the oxygen content in the reactor. In the case of a batch reaction, this initial 
charge would also include monomer. The stirring was set to an appropriate rate to allow 
the ingredients to thoroughly mix. The appropriate stirring was determined by the size of 
the depth of the vortex at the surface of the reactor fluid. Generally about a thumb-sized 
void was considered adequate for a 250 mL reactor. For unseeded, batch reactions it is 
clear to see that this stirring is adequate as the reaction fluid turns a grayish color when 
the monomer is mixed in with the water. 
The initial charge was allowed to reach reaction temperature prior to the addition 
of fed monomer (in the case of a semi-continuous reaction) and initiator. For a semi-
continuous reaction, a glass syringe (SGE Inc.) was used with a pump apparatus (kd 
Scientific). Before adding initiator to the reactor, it was dissolved completely in water 
(which had been previously boiled) so as to allow immediate dispersal of the aqueous 
phase initiator without having to wait for dissolution in the seed latex. Note that the 
amount of water used to dissolve initiator (and initial surfactant) was taken from the 
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initial charge of water to the reactor to yield an initiator solution of about 0.4 M (see 
Table 4.7 and Table 4.8 below for recipe amounts). Upon adding initiator for a semi-
continuous reaction, the monomer feed was turned on at the appropriate flow rate. 
The recipes for BSP3-10 and BSP3-11 and their growths to BSP3-16 and BSP3-
17 respectively are shown in Table 4.7 and Table 4.8. An important consideration for the 
use of VA-086 is that its dissociation rate coefficient, kd, is reported to be 3.83 x 10" s" 
at 70°C as compared to KPS which is 2.2 x 10"5 s"1.40,52 These equate to a factor of about 
5.7 times, meaning that in order to keep the same radical flux between both initiators, 5.7 
times more VA-086 (molar basis) should be added relative to KPS. 
Table 4.7: Recipe and reaction conditions for synthesis and growth to produce polystyrene seed 
BSP3-16 with KPS initiator. 
Experiment ID 
latex from previous stage (g) 
initial Dl water (g) 
initial SDS (g) 
added SDS (g) 
added Dl water (g) 
KPS (g) 
initial St (g) 
fed St(g) 
St feed rate(mL/hr) 
Temperature (°C) 
Final Particle Size (nm) 











































* The temperature was increased to 85°C after 4 hours and held for another 3 hours 
** 0.25 g SDS in 3 g of water were added after every 3, 4.5 and 6 hours from feed start 
*** 0.182 g SDS in 5 g of water were added after every 1.5, 3, 4.5 and 6 hours from feed start 
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Table 4.8: Recipe and reaction conditions for synthesis and growth to produce polystyrene seed 
BSP3-17 with VA-086 initiator. 
Initial Stage Growth Stage 1 Growth Stage 2 
Experiment ID 
latex from previous stage (g) 
initial Dl water (g) 
initial SDS (g) 
added SDS (g) 
added Dl water (g) 
VA-086 (g) 
initial St (g) 
fed St(g) 
St feed rate (mL/hr) 
Temperature (°C) 
Final Particle Size (nm) 
Final Solid Content (%) 
BSP3-11 BSP3-15 BSP3-17 
0 123.3 34.77 
185.053 28.06 105.9211 
1.4951 0 0.1718 
0 0.75** 0.92*** 
0 9** 20*** 
3.0208 1.1994 1.174 
10 0 0 
0 34.83 32.94 
0 6.4 6.1 
70* 70 70 
56 62.5 103 
6.63 21.36 20.86 
* The temperature was increased to 85°C after 4 hours and held for another 3 hours 
** 0.25 g SDS in 3 g of water were added after every 3, 4.5 and 6 hours from feed start 
*** 0.23 g SDS in 5 g of water were added after every 1.5, 3, 4.5 and 6 hours from feed start 
Some polymerizations for this work also required occasional additions of 
surfactant as the reaction progressed. Surfactant additions were necessary to enhance 
stabilization for the increasing size of latex particles and initiator additions were 
sometimes necessary if the radical flux decayed to a certain level during reaction. 
Whenever these additions were put into the reactor, they were dissolved in previously 
boiled, Dl water. Also, throughout the course of the reactions, samples were taken from 
the reactor in order to make conversion and reaction kinetic measurements. 
Samples were withdrawn through the N2 port of the reactor, placed into a small 
vial with a small amount (about one flake) of radical inhibiting hydroquinone, and put 
into, an ice bath to further cease chemical reaction. These samples were used to 
determine the solid content of the latex throughout the course of the reaction. Finally, at 
the end of reaction, the latex was poured into a secondary container through a double-
layer of cheesecloth so as to catch any large, coagulated pieces of polymer. The newly 
contained latex was then cooled in an ice bath, and the withdrawn samples were used to 
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obtain solid content at each time the sample was taken. The seed latices, BSP3-16 and 
BSP3-17, were cleaned of residual initiator (and consequently of residual monomer as 
well) through repeated centrifugation. And because the majority of the remaining 
monomer in the seeds is removed through this process, the conversion profiles for these 
seeds are not displayed in this report. 
Cleaning the serum phase was necessary to remove any residual initiator 
molecules which may possibly begin new polymer chains upon further polymerization. 
This was important because the experiments were designed such that the seed polymer 
was polymerized with one type of initiator and the second stage polymer was deliberately 
polymerized with a different type of initiator. Mass balance calculations (assuming a 
sphere packing efficiency of 64%53) show that the serum phase is to be reasonably 
cleaned (<1% aqueous phase material remaining) after three 4.5 hour centrifugation 
cycles. And so, each polystyrene latex which required cleaning was run in the centrifuge 
at 12,000 rpm for 4.5 to 6 hours. These mass balance calculations are shown in 
Appendix E. 
For each cycle, the serum phase was decanted from the centrifuge tube and a new 
solution of SDS was added to the solid mass of particles left at the bottom of the vial. 
The solution concentration was made to be the same as the SDS concentration in the latex 
prior to centrifugation. The latex particles were then allowed to re-disperse in the new 
serum overnight on a Lab-Line Orbit Shaker table at 200 rpm, and usually required 
manual stirring to remove some of the mass from the side of the vial (indicating some 
coagulation). Prior to using the centrifuged latex for polymerization reactions, it was 
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filtered through a double-layer of cheesecloth to remove any coagulated polymer, 
underwent particle size analysis to verify that there was no change in particle size or 
distribution, and re-measured for solids to be used in consequent polymerizations. The 
initial and final solids and particle sizes for BSP3-16 and BSP3-17 are shown in Table 
4.9. 
Table 4.9: Initial and final solid contents, particles sizes, and particle size distributions for the 
centrifugation of BSP3-16 and BSP3-17. 
Experiment Initial Solid Final Solid Initial Particle , ... . ___ Final Particle _. . _,__. 
lr, ~ . W0/N „ , . / 0 / , 0 . , > Initial PSD „. , . Final PSD ID Content (%) Content (%) Size (nm.) Size (nm) 
BSP3-16 2098 TT06 94 i"04 94 i"05 
BSP3-17 20.86 18.15 103 1.06 105 1.06 
There was some coagulation as a result of the centrifugation (which was separated from 
the latex), and the particle size distribution (PSD) may have broadened very slightly 
(shown in Appendix C), but this broadening could be the result of particle size 
measurement error. Scanning electron microscopy (SEM) images (shown in a later 
section on page 120) verified that the particles were round. Ultimately the seeds were 
still adequate for conducting subsequent polymerizations. 
Composite Latex Preparation for Elemental Mapping Validation Experiments 
The set of composite experiments (BSP3-24, 25, 27-32) was polymerized using 
the setup shown in Figure 4.17. The latex recipes and reaction conditions are shown in 
Table 4.10 and Table 4.11. 
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Table 4.10: Recipe and reaction conditions for synthesis of four composite latices where one set is 
homogeneous and the other is heterogeneous: BSP3-24, BSP3-25, BSP3-27, and BSP3-28 with KPS 
initiator. 
Batch Semi-Cont. Batch Semi-Cont. 
Experiment ID 
cleaned BSP3-17 seed latex (g) 
Dl water (g) 
KPS (g) 
initial MMA (g) 
fed MMA (g) 
MMA feed rate (mL/hr) 
Temperature (CC) 
Final Particle Size (nm) 






















cleaned BSP3-17 seed latex (g) 
Dl water (g) 
KPS (g) 
initial St (g) 
fed St(g) 
St feed rate (mL/hr) 
Temperature (°C) 
Final Particle Size (nm) 





















Table 4.11: Recipe and reaction conditions for synthesis of four composite latices where one set is 
homogeneous and the other is heterogeneous: BSP3-29, BSP3-30, BSP3-31, and BSP3-32 with VA-
086 initiator. 
Batch Semi-Cont. Batch Semi-Cont. 
Experiment ID 
cleaned BSP3-16 seed latex (g) 
Dl water (g) 
VA-086 (g) 
initial MMA (g) 
fed MMA (g) 
MMA feed rate (mL/hr) 
Temperature (°C) 
Final Particle Size (nm) 






















cleaned BSP3-16 seed latex (g) 
Dl water (g) 
VA-086 (g) 
initial St (g) 
fed St (g) 
St feed rate (mL/hr) 
Temperature (°C) 
Final Particle Size (nm) 





















Preparation of Latices for a Physical Blend ofPSt andPMMA 
The latices for this physical blend (described on page 85) were prepared in a 250 
mL reactor using the setup shown in Figure 4.17. The recipe for the poly(MMA) latex is 
shown in Table 4.12 and the recipe for the polystyrene latex is shown in Table 4.13. 
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Table 4.12: Recipe and reaction conditions for synthesis of BSP1-22 with KPS initiator. 
Experiment ID 




batch monomer (g) 
Temperature (°C) 
Reaction time (min) 
Final Particle Size (nm) 











Table 4.13: Recipe and reaction conditions for synthesis of BSP2-72 with VA-086 initiator. 
Experiment ID 
latex from previous stage (g) 
Dl water (g) 
SDS (g) 
VA-086 (g) 
batch St (g) 
fed St (g) 
St feed rate (mL/hr) 
Temperature (°C) 
Final Particle Size (nm) 

























A portion of BSP1-22 and BSP2-72 wet latices were blended together in equal ratios 
according to their solid contents. 
Seed Latex Preparation for Experiments to Refute Chain End Anchoring 
The poly(St-co-BA) seed, BSP3-42, for the second set of experiments was 
synthesized semi-continuously in a one liter reactor with the same inlet and outlet setup 
as in Figure 4.17 on page 93. The basic procedure is the same as described in the section 
for synthesizing the seeds of the elemental mapping experiments (beginning on page 92), 
with the difference being that a stirring rod (400 rpm) with a blade impellor was used for 
mixing instead of a magnetic stir bar. The preseed for BSP3-42, given an identification 
number of BSP3-36, was synthesized as a batch reaction. The recipes for BSP3-36 and 
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BSP3-42 are shown in Table 4.14. VA-086 initiator was used to produce this seed so that 
the sulfur distribution of the second stage could potentially be measured more effectively 
by ESI-TEM. 
Table 4.14: Recipe and reaction conditions for synthesis and growth to produce P(St-co-BA) seed 
BSP3-42 with VA-086 initiator. 
Initial Stage Growth Stage 1 
Experiment ID 
latex from previous stage (g) 
initial Dl water (g) 
initial SDS (g) 
NaHC03(g) 
added SDS (g) 
added Dl water (g) 
VA-086 (g) 
Initial St (g) 
Initial BA (g) 
fed St(g) 
fed BA (g) 
monomer feed rate (mL/hr)** 
Temperature (°C) 
Final Particle Size (nm) 
Final Solid Content (%) 

















i g water after 121 mins, 0.4576 g SDS 
added in 5.0018 g water after 241 mins, and 0.5855 g SDS added in 
5.2416 g water after 361.5 mins i from feed start. 
** the monomers were mixed together prior to feeding 
When a sample of the resulting BSP3-42 latex was dried, it formed an opalescent mass of 
polymer, which is an indication of very narrow particle size distribution. The latex was 
centrifuged as described previously, except that a rotation speed of 8,000 rpm was used 
instead of 12,000 to help minimize coagulation. The centrifugation was necessary to 
remove any residual initiator from the serum phase, since it is desirable for the second 
stage monomer to be initiated exclusively by KPS. The before-and-after results of the 
centrifugation are displayed in Table 4.15. Note that the centrifugation was performed as 
separate batches since only about 200 mL of latex could be centrifuged at one time. 
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Table 4.15: Initial and final solid contents, particles sizes, and particle size distributions for the 
different batches of centrifugation of BSP3-42. 
Batch of Initial Solid Final Solid Initial Particle .
 p „ n Final Particle p . p S D 






















Clearly the size and distribution did not change radically, backed up by the fact that the 
opalescent property of the dry form remained. 
Composite Latex Preparation for Experiments to Refute Chain End Anchoring 
The next composite series were polymerized in a 250 mL reactor using the setup 
displayed in Figure 4.17 and the same general procedure as described previously in the 
section beginning on page 92. Their recipes are shown in Table 4.16 and the conversion 
profiles are shown in Appendix A. 
Table 4.16: Recipe and reaction conditions for synthesis of three composite latices (stage ratio 1:1) 
polymerized as semi-continuous reactions: BSP3-49, BSP3-52, BSP3-57 with KPS initiator. 
Experiment ID 
cleaned BSP3-42 seed latex (g)* 
Dl water (g) 
NaHC03(g) 
KPS (g) 
fed monomer (g)** 
monomer feed rate (mL/hr) 
Temperature (°C) 
Final Particle Size (nm) 
Final Solid Content (%) 
BSP3-49 BSP3-52 BSP3-57 
160.2 110.1 100.17 
25.4612 80.607 83.17 
0.047 0.041 0.052 
0.1492 0.1537 0.149 
14.98 9.43 17.12 
5.3 3.3 6.1 
70 70 70 
248 240 255 
17.21 9.62 16.68 
* BSP3-49 used batch 1, BSP3-52 used batch 2, and BSP3-57 used 
batch 3 of the cleaned BSP3-42 seed latex. 
** BSP3-49 used pure MMA, BSP3-52 used a mixture of 4.81 g MMA and 
4.62 g MA, and BSP3-57 used a mixture of 9.76 g MA and 7.36 g BMA. 
Samples of the latex were taken periodically throughout the reactions for solids 
measurement and for Differential Scanning Calorimetry (DSC) analysis (DSC is 
described on page 109). Samples of each finished latex were then thermally annealed in 
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batch mode in a sealed vessel (high pressure steel piping) at 150°C for various times (1 to 
16 hours). This annealing in the wet latex state is distinct from thermal annealing by use 
of DSC because in DSC the polymer being analyzed is dried of water. Wet latex 
annealing involves a specific fluid flow mechanism based upon interfacial tension, 
whereas dry annealing is not driven by interfacial tension phenomena in an aqueous 
environment. To help with stability at elevated temperature, a 10 wt.% solution of 
dodecylbenzene-sulfonic acid sodium salt (DBSA, Aldrich) was added to each sample. 
Analytical Techniques 
Conversion and Kinetic Considerations 
The conversion of the reaction over time was determined by measuring the solid 
content of the withdrawn samples for each reaction. The solids measurements 
consequently allow for the calculation of the monomer concentration in the latex particles 
(Cp) and the rate of polymerization (Rp). The Cp value is important to consider because a 
low value is desirable for a semi-continuous, starve fed, reaction. A low Cp is an 
indication that the viscosity of the particle should not be decreased significantly as a 
result of monomer dissolution in the polymer. The Rp can be used to gauge the normalcy 
of the polymerization, since experimental values can be compared with theoretical 
values. Each experiment for this study was simulated in UNHLATEX™ KMORPH and 
EQMORPH programs. The conversion, Cp, Rp, and simulation results can be seen in 
Appendix A, and calculations of cp and Rp can be found in Appendix E. 
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Molecular Weight Determination 
The molecular weight of the 2nd stage material was important to determine in 
order to validate the non-existence of chain transfer to monomer. The samples were 
analyzed for molecular weight by gel permeation chromatography (GPC) using THF as 
the solvent. The GPC apparatus contained a set of three Styragel™ columns in series 
(HMW6E, Waters Corp.). A Waters Corp. 515 HPLC pump was used for the apparatus 
and both a refractive index (RI) and ultraviolet (UV) detector (Waters 2414 and 486, 
respectively) were connected in series (0.7 minutes apart) for sample detection. The data 
were collected with Millenium v2.10 software supplied by the vendor. Samples were 
dissolved in HPLC grade THF (EMD Chemicals) at 0.1 wt.%, and 80 /xL of sample were 
injected for analysis. 
Molecular weight data for the experiments are reported in Appendix B. For data 
manipulation of the PSt/PMMA samples, both the UV and RI data were used in order to 
determine the PMMA molecular weight (details on molecular weight determination are 
shown in Appendix E). Since polystyrene is detectable with both detectors and PMMA is 
detectable only via RI, the relative signal strength from the UV data could be subtracted 
from the relative signal strength from the RI data. This subtraction, as shown in Figure 
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Figure 4.18: Data subtraction method for determining 2n stage molecular weight from composite 
and seed GPC data. 
Note that the subtraction of relative UV signal from relative RI signal (or vice versa) can 
only be correctly performed if the difference in retention time is accounted for, as well as 
the stage ratio of the seed polymer in the composite polymer. With this in mind, the 
calibration curve which corresponds directly to the shifted retention time must be used 
for accurate results. The calibration curves were constructed using polystyrene standards 
and are shown in Appendix B along with the GPC data for each experiment. Similarly to 
the heterogeneous samples, the homogeneous samples of PSt were measured for 2nd stage 
molecular weight by subtraction of the RI signal of the seed from the RI signal of the 
growth. For some discussion of the mathematics behind molecular weight determination 
of a subtracted GPC curve, refer to Appendix E. 
Particle Size and Distribution Measurement 
The particle sizes were measured by capillary hydrodynamic fractionation 
(CHDF) and verified using scanning electron microscopy (SEM). The CHDF 2000 unit 
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(Matec Applied Sciences) uses a UV detector and fractionates particles by taking 
advantage of fluid flow velocity gradients in a capillary, as shown in Figure 4.19. The 
larger particles are more exposed to the larger velocity vectors and therefore exit the 
capillary sooner than smaller particles. 
— ' * " V ! 
( 3 • 
Figure 4.19: Capillary flow and its effect on particles of different diameters. 
The CHDF samples were prepared by first diluting 1-12 drops of latex (drop number 
depending on the latex solids and type) in 2 mL of DI water and then were passed 
through a 1 /xm Whatman filter. Samples were compared with polystyrene standard 
particles (Seradyn Optibind Particles) of 83 and 132 nm diameter. The sample diameter 
was compared to the standard whose diameter more closely matched. 
SEM samples were prepared by first diluting the latex with DI water. Dilution is 
critical here because the presence of too many latex particles clustered together under the 
microscope makes complete analysis difficult. In order to dilute the latices for this work, 
one drop of latex was put into a 20 mL vial. This vial was filled with water and then the 
majority of the resulting diluted latex was discarded, leaving only about 4 mL remaining 
in the vial. The vial was again filled with water and this time about half of the content 
was discarded leaving about 10 mL of diluted latex. The vial was again filled with water 
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and typically this gave a usable dilution factor. When the diluted latex is compared to a 
vial of pure water there was a very subtle visual difference between the two. Depending 
on the solids content of the latex, more or less solids, more or less dilution may have been 
required. Nonetheless, this high dilution factor was more than adequate for SEM analysis 
as shown by the SEM images obtained. 
To prepare the SEM stub, one drop of the diluted sample was placed onto a grade 
A carbon, polished planchet (Ernest F. Fullam Inc.). The drop was allowed to dry 
completely overnight before being coated with ~100A of platinum through plasma 
deposition by use of a Hummer V Sputtercoater. With an AMRAY 3300 FE SEM unit, 
the results using these planchets were very desirable because they allowed for relatively 
easy focus on the imperfect carbon background (as shown in Figure 4.20). 
Figure 4.20: SEM micrographs for (A.) BSP3-31 and (B.) BSP3-32. 
Clearly, the particles in Figure 4.20 are round with no peculiarity about their external 
morphologies. Generally, the apparent distributions and particle diameters seen in the 
SEMs coincided well with the CHDF data. 
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Transmission Electron Microscopy 
TEM samples shown in Figure 4.21 (found below) were prepared by a general 
procedure in which each latex sample was mixed with a special, pre-made embedding 
latex (the importance of this embedding latex will be described in the proceeding 
paragraph). An appropriate ratio of embedding latex to sample latex depends upon the 
solid content of each. For these preparations the embedding latex was 50% solids, and 
the samples were generally 15% solids. A mass ratio of 5 parts embedding material to 2 
parts sample was used because this would allow for a good dispersion of particles with 
minimal clustering or too few particles. After the sample and embedding latex were 
thoroughly mixed, four drops were placed into a BEEM® capsule (SPI Supplies) and 
allowed to dry overnight in a 60°C oven. Z-Poxy® (Pacer Technology) was then poured 
into the capsule over the dried polymer mixture (with as little air bubbles formed as 
possible) and cured at 60°C for at least two days. 
An embedding latex, called JMS4-92 (polymerized by Jeffrey Stubbs), was used 
exclusively for all samples in this work. This embedding latex is specially made with 
comonomers of hydroxyl propyl methacrylate (HPMA) and hexyl methacrylate (HMA) 
in a seeded, semi-continuous reaction. The relevant result for TEM is an embedding 
material which is hard enough to not deform under the heat of the microscope, but soft 
enough to be microtomed without breaking. Figure 4.21 shows that the embedding latex 
provides a very nice background in which the hexagonal shape of the embedding 
particles (in their dry state) can be seen with proper staining. Also of note is that the -25 
ran polystyrene preseed particles within the embedding latex can be seen in the 
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background of the TEM images, which is very useful for achieving focus of the sample. 
The cured BEEM® samples were microtomed at room temperature using a 35° 
Diatome diamond knife with a RMC/Boeckeler MT XL ultramicrotome. A knife angle 
of 6 degrees, a cutting speed of 3.2 mm/second, and section thicknesses of 40 - 50 nm (or 
70 - 90 nm depending on the softness of the BEEM® sample) were used. Double 
distilled water was used as the floating liquid and the microtomed sections were placed 
on uncoated, 300 mesh, copper grids (SPI Supplies). Prior to viewing, the samples were 
stained for 3 minutes with ruthenium tetraoxide (Ru04) by mixing 0.02 g of ruthenium 
(III) chloride hydrate (Acros, 30-40% Ru) with 5 mL of Clorox® bleach. The samples 
were observed at 200 kV under a LEO 922Q. TEM with digital photography. 






Figure 4.21: TEM micrograph to show the hexagonal matrix of particles into which sample particles 
(BSP3-30 for this image) are embedded. The material in this image is stain with Ru04 . 
Differential Scanning Calorimetry 
Modulated temperature differential scanning calorimetry (DSC) was used as a 
109 
means to determine both the Tg values of samples and the extent of phase mixing present 
in any composite experiments. The technique is used to expose a sample to a prescribed 
set of heating and/or cooling instructions, during which energy data is recorded. Coupled 
with the TEM micrographs, DSC can be a useful tool for corroborating morphological 
features. A Q2000 DSC (TA Instruments) unit was used for samples in this work, with 
heat capacity calibration by use of sapphire and temperature calibration by indium. 
Samples of dried latex were placed into Tzero Aluminum pans (TA Instruments) and 
compared to an empty pan as the reference. Samples were equilibrated and briefly held 
at a temperature equal to the second stage dry Tg in order to let the polymer sample 
obtain good contact with the aluminum sample pan. The samples were then equilibrated 
to a temperature about 40°C below the Tg of the polymer of the composite whose Tg was 
the lowest. From here, the temperature was ramped up at 3°C per minute with a 
modulation of ± 2°C every 60 seconds. The modulation enhances the sensitivity and 
resolution of the instrument. Figure 4.22 shows an example DSC curve for a physical 
blend of BSP3-42 and a PMMA sample. 
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Figure 4.22: DSC scan of a physical blend of BSP3-42 and PMMA. 
The peaks are representative of the Tg for each material in the blend. A physical blend of 
latices will not show any phase mixing, but if certain composites are analyzed in the 
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Figure 4.23: Simulated DSC scan of a composite polymer as compared to the pure forms of the 
polymers which make up the composite. 
When polymer phases are mixed, their effective Tg reflects the relative amounts of each 
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polymer present. In Figure 4.23 the pure polymers by themselves are completely 
unmixed, but as a composite it is clear to see that mixing occurs because the overall 
signal lifts from the baseline. This lifting is indicative that the polymers have mixed to 
form entities which have Tg values between that of the seed and second stage composite 
polymers. The amount of pure phase polymer decreases, as can be seen by the decrease 
in the peak height for the composite versus the pure phase material. And so, a fully 
mixed composite would show a DSC curve with a single peak at the midpoint between 
the Tg values of the seed and second stage polymer if the first and second stage polymers 
were present in equal quantities. 
End Group and Surfactant Titration 
In order to obtain data on the surface characteristics of polymer particles, titration 
is often used. For the latices in this work, both surfactant and end group titrations were 
used. Surfactant titration provides information on which type of polymer(s) reside at the 
surface of polymer particles, since different types of polymer exhibit different absorption 
areas for surfactant molecules. The absorption areas of PSt and PMMA for SDS are 44 
and 100 A2 respectively. End group titration provides quantitative data on the number 
of S04" end groups are at the surface of polymer particles. This is very insightful because 
the aim of this work is to show that SO4" end groups do not exclusively anchor to particle 
surfaces. 
To prepare the latices for titration, they were cleaned of water-phase ionic 
components (SDS and/or KPS) using Dowex® Marathon MR-3 mixed bed ion-exchange 
resin (Sigma-Aldrich). The cleaning requires dilution of the latex to about 10% solids in 
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order to minimize destabilization of the latex particles. The ion-exchange resin is placed 
into the container with latex to be cleaned, and shaken on a shaker table overnight. After 
cleaning, a conductivity reading below 200 /US/cm was achieved. The titrations were 
executed at room temperature, and time and conductivity data were recorded as titrant 
was fed to the latex. Refer to Appendix E for detail on the mathematics and basic theory 
behind the end group and surfactant titration used in this work. 
Electron Spectroscopic Imaging and Elemental Mapping 
ESI-TEM uses a series of energy widths, 5E, to obtain element specific 
information about a particular sample. 5E values for polymer analysis are typically 10 to 
30 eV.54 The measurements made at various energy windows are of the electron energy 
loss from the specimen, also known as electron energy loss spectroscopy (EELS). A 
zero-loss measurement (5E = 0) detects the incident beam electrons which have either 
passed through the sample unaltered or were elastically scattered. This produces an 
image known as the brightfield image, which provides information about the relative 
densities of the materials in a sample.5 The EELS measurements (used for polymer 
element mapping) are made at energy windows below 100 eV. In this energy region 
there are frequent inelastic collisions of electrons with the sample, resulting in a strong 
signal which can become more intense in thicker regions of sample.56 In order to obtain 
an elemental map, three EELS readings must be taken at three different energy windows 
as shown in Figure 4.24. 
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I 
Electron energy loss 
Figure 4.24: General depiction of energy windows observed in order to produce an elemental map.57 
Depending on the particular element to be mapped, a reading of the sample at the 
ionization edge is taken (AE3). This is the region in which the incident beam energy is 
enough that the inner shell electrons of an element may eject from their atoms, hence a 
signature of a specific element is obtained. In order to remove the background detection 
from the AE3 reading, two readings below the ionization edge are taken (AEi and AE2). 
AE2 is subtracted from AEi to provide a background signal, which is then subtracted from 
AE3 to produce an enhanced contrast image of the specified element.57 
Microtomed samples of latex particles were used for ESI analysis, which were 
prepared as described in the TEM section of this report. The obvious exception is that 
the samples were not stained for elemental mapping. The samples were mailed both as 
BEEM capsules and microtomed sections on copper grids to the State University of 
Campinas in Sao Paulo, Brazil. Under the care of Professor Fernando Galembeck and 
Dr. Carlos Alberto Paula Leite, the samples underwent ESI-TEM analysis by use of a 
Carl Zeiss CEM-902 TEM unit containing a Castaing-Henry-Ottensmeyer filter 
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spectrometer. 
Results and Discussion 
Experimental Kinetic Data and Simulations 
The experimental and Kmorph simulated conversion, Cp, and Rp profiles for the 
first two latices (BSP3-24 and BSP3-25) are shown in Figure 4.25 and Figure 4.26. The 
rest of these plots for the elemental mapping validation experiments can be found in 
Appendix A. Details on the mathematics behind calculation of conversion, Cp, and Rp are 
found in Appendix E. 
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Figure 4.25: (a.) Experimental Conversion vs. Time profile, (b.) experimental cp and Rp vs. 
Conversion profile, and (c.) Kmorph simulated cp and Rp vs. Conversion profile for BSP3-24. 
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Figure 4.26: (a.) Experimental Conversion vs. Time profile, (b.) experimental cp and Rp vs. 
Conversion profile, and (c.) Kmorph simulated cp and Rp vs. Conversion profile for BSP3-25. 
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Figure 4.25 shows that the batch reaction reached high conversion very quickly, and that 
the cp begins high and decreases as the reaction progresses. Both the Cp and Rp follow a 
similar trend to that of the simulated data. Figure 4.26 shows that the semi-continuous 
reaction was considerably starve fed and reached high conversion. The experimental cp 
was around 1 M, which is a little higher than desired (as compared to the Kmorph 
simulated data), but still low enough to achieve adequately hindered mobility of chains 
through the host polymer. 
The cp and Rp, and Kmorph simulated Cp and Rp plots for the first experiment for 
end group anchoring testing (BSP3-49) are shown in Figure 4.27. 
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Figure 4.27: (a.) Experimental Conversion vs. Time profile, (b.) experimental cp and Rp vs. 
Conversion profile, and (c.) Kmorph simulated cp and Rp vs. Conversion profile for BSP3-49. 
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The reaction was reasonably starve fed, with a cp no greater than 0.6 M and reaching high 
conversion. The simulated data show a very close Rp to the experimental value, but the 
simulated cp is a bit lower than the experimental. Nonetheless, this reaction is considered 
to be reasonably starve fed. The other two experiments, BSP3-52 and BSP3-57, were 
also reasonably starve fed and highly converted. Their Cp, RP; and conversion profiles can 
be viewed in Appendix A. 
Particle Size and Distribution 
Table 4.17 shows the particle size measurements for each experiment as measured 
by CHDF. The raw data and computer analysis from the CHDF can be seen in Appendix 
C. The particle sizes are near the expected values and have narrow distributions. In 
particular, the last four latices listed in Table 4.17 show very narrow distributions from 
the CHDF, which was further suggested by the fact that all but BSP3-57 produced an 
opalescent color upon drying. This shiny, opalescent characteristic of the dry polymer 
means that there is a very narrow particle size distribution. BSP3-57 did not produce 
this, perhaps because it is strongly film-forming (due to low Tg). 
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Table 4.17: CHDF results for experiments including volume average particle size (Vol. Avg.), 
particle size distribution (PSD), and same-day measured particle size distribution of the standard 
polystyrene particles (Std. PSD). 

































































"This reported diameter is post-centrifugation 
T h i s reported diameter is the average of 3 
centrifuged batches 
The SEM images generally correspond well to the CHDF data, except for the latter three 
experiments. Figure 4.28 and Figure 4.29 depict the SEM images for the experiments to 
show apparent uniformity and expected size. The CHDF particle diameter readings for 
BSP3-49, 52, and 57 were up to 50 nm larger than measured by SEM. In every 
experiment the particles were round, with the exception of the SEM imaging for BSP3-
57, because the second stage material was very soft and caused some particles to 
agglomerate under the heat of the electron beam. However, the particle size and 
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Figure 4.28: SEM images for the experiments (including their seeds) to validate the elemental 
mapping technique(BSP3-16, BSP3-17 and BSP3-24 to BSP3-32). 
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Figure 4.29: SEM micrographs for the non-annealed experiments (including the seed) to investigate 
chain end anchoring (BSP3-42, BSP3-49, BSP3-52, and BSP3-57). 
BSP3-24 and BSP3-25 show perhaps the most broad distribution of particles, which is 
important to note upon the observation of the TEM images for these samples. The 
experiments shown in Figure 4.29 seem to have very narrow particle distributions, which 
is pleasing since these experiments are most important for determining the fate of the 
polymer chain end groups. Note that the SEM micrograph of the BSP3-42 seed 
represents one batch of the centrifuged seed, but the particle size and distributions for the 
other two batches were comparable. 
The thermal latex annealing of BSP3-49, BSP3-52, and BSP3-57 at 150°C 
produced some instability at certain annealing times, as shown in Table 4.18. The SEM 
124 
images of the annealed samples are shown in Figure 4.30A-C. 
Table 4.18: Latex annealing details for latex samples BSP3-49, BSP3-52, and BSP3-57. Samples 
















2.3325 0.4684 1 normal latex 
2.3227 0.4770 5 partially coagulated 
2.3036 0.4734 16 normal latex 
2.3130 0.4560 1 normal latex, slight amount of settled polymer. 
2.3067 0.4850 6 normal latex, some settled polymer 
2.4600 0.4800 10 normal latex, some settled polymer 
2.3570 0.4660 16 fully coagulated 
2.3172 0.4514 1 normal latex, slight amount of settled polymer 
2.6003 0.4800 6 normal latex, some settled polymer 
2.2952 0.4575 10 fully coagulated 
2.3540 0.4730 16 fully coagulated 
Figure 4.30A: BSP3-49 annealed at 150°C for (A.) 1 hour and (B.) 16 hours. 
Figure 4.30B: BSP3-52 annealed at 150°C for (A.) 1 hour and (B.) 10 hours. 
Figure 4.30C: BSP3-57 annealed at 150°C for (A.) 1 hour and (B.) 6 hours. 
Figure 4.30: SEM micrographs for thermally annealed samples. 
Figure 4.30A shows a very small crop of particles seemingly produced as a result of the 
annealing. However, the regular sized particles appear normal and can be analyzed by 
TEM. Annealing BSP3-52 for 10 hours (Figure 4.30B) seemed to produce an unstable 
latex, for there was not any noticeable uniformity in the field of polymeric material. 
Figure 4.30C shows that there were still many regular particles, and it is likely that the 
latex was largely unaffected by annealing. The conjoining of particles seen in the SEM is 
likely due to the heat of the electron beam causing agglomeration between particles by 
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their soft second stage material, since CHDF readings did not show a broad distribution 
for this sample. 
Molecular Weight Results from GPC 
The molecular weights obtained are shown in Table 4.19. Plots of the molecular 
weight subtraction analysis are shown in Appendix B. 
Table 4.19: Number average molecular weight (Mn) and polydispersity (Mw/M,,) of experiment 
latices as measured by GPC. Note that the reported molecular weight is of the second stage polymer 
alone, unless the latex is a seed latex. 




























































The table shows that the number average molecular weight does not exceed 106 g/mol, 
which means that these latices should be largely free of chain transfer to monomer 
reactions. There is then confidence that there is no significant concentration of second 
stage polymer chains without initiator end groups. This is important because it ensures 
there was minimal unrestricted diffusion of growing polymer chains. 
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TEM Micrographs for Morphological Analysis 
The following images are TEM images taken of sliced particles for the latices 
prepared in this work. The TEM samples were stained with R.UO4 to more easily 
differentiate between acrylate and non-acrylate phases. It is important to note that the 
overall morphology cannot necessarily be determined through TEM images alone, 
because the images only portray the locational aspects of polymer phases. The TEM 
images in conjunction with the DSC data (displayed in a further section on page 148) are 
very useful for corroborating morphology since the DSC data provides information about 
the mixing between polymer phases. 
Stained TEM Image ofPSt/PMMA Latex Blend 
The standard TEM image for the blend of BSP1-22 and BSP2-72 is shown in 
Figure 4.31. It should be noted that the particles in the TEM images do not necessarily 
appear perfectly round. This is perhaps due to distortion that may occur during the 
process of microtoming. 
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Figure 4.31: Enhanced contrast TEM image of the physical blend of BSP1-22 and BSP2-72. 
Magnification is 10,000x, the size bar is 200 nm, and the microtomed slice thickness is 50 nm. It is 
stained with Ru04 . 
There is clear indication of polystyrene particles and poly(MMA) particles. The 
PMMA particles appear white, as they are unaltered by the R.UO4 staining process. The 
polystyrene appear black because they are subject to staining, and the background 
appears gray due to its partial susceptibility to staining. This TEM image is important to 
use in comparison with the elemental map of this blend which is shown in a later section 
in Figure 4.43 (page 170). 
Stained TEM Images ofBSP3-24 to BSP3-32 
The standard TEM images of experiments BSP3-24 to BSP3-32 (detailed in Table 







Figure 4.32A: BSP3-24 consisting of a PSt seed and PMMA 2nd stage as a batch reaction. 1.) 10,000x 
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Figure 4.32B: BSP3-25 consisting of a PSt seed and PMMA 2nd stage as a semi-continuous reaction. 
1.) 10,000x and 200 nm size bar. 2.) 20,000x and 100 nm size bar. 70-90 nm slice thickness. 
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Figure 4.32C: BSP3-27 consisting of a PSt seed and PSt 2nd stage as a batch reaction. 1.) 10,000x and 
200 nm size bar. 2.) 40,000x and 50 nm size bar. 70-90 nm slice thickness. 
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nd . Figure 4.32D: BSP3-28 consisting of a PSt seed and PSt 2" stage as a semi-continuous reaction. 1.) 
10,000x and 200 nm size bar. 2.) 40,000x and 50 nm size bar. 50 nm slice thickness. 
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Figure 4.32E: BSP3-29 consisting of a PSt seed and PMMA 2M stage as a batch reaction. 1.) 10,000x 
and 200 nm size bar. 2.) 20,000x and 100 nm size bar. 50 nm slice thickness. 
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Figure 4.32F: BSP3-30 consisting of a PSt seed and PMMA 2nd stage as a semi-continuous reaction. 
1.) 10,000x and 200 nm size bar. 2.) 20,000x and 100 nm size bar. 50 nm slice thickness. 
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Figure 4.32G: BSP3-31 consisting of a PSt seed and PSt 2na stage as a batch reaction. 1.) 10,000x and 
200 nm size bar. 2.) 40,000x and 50 nm size bar. 50 nm slice thickness. 
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Figure 4.32H: BSP3-32 consisting of a PSt seed and PSt 2na stage as a semi-continous reaction. 1.) 
10,000x and 200 nm size bar. 2.) 40,000x and 50 nm size bar. 50 nm slice thickness. 
Figure 4.32: TEM micrographs of experiments for validating the elemental mapping technique. All 
are stained with Ru04 . 
The larger particles of BSP3-24 in Figure 4.32A appear to be hemispherical in that the 
PMMA phase partially engulfs the darker polystyrene seed. For a batch reaction it was 
expected that there may be occlusions of PMMA inside the polystyrene seed, but instead 
133 
the particles may have approached their equilibrium hemispherical morphology. Table 
4.20 provides some tabulated analysis of the TEM particles of BSP3-24 and 25 to aid in 
observation of stage ratio and/or the possible existence of occlusions. Note that for all 
TEM analyses to follow, many of the larger particle slices were measured within the 
images (using a ruler), for which an average value of a particular dimension (ie: 
diameter) was taken. Larger particle slices are considered more representative of an 
actual particle than the smaller particle slices. 
Table 4.20: Comparison of TEM measurements with CHDF measurements, TEM measured stage 
ratio with intended stage ratio, and the particle diameter by TEM with particle diameter by CHDF 
for BSP3-24 and 25. *The SRR' value represents the theoretical stage ratio (as determined by the 
recipe parameters) multiplied by the conversion of the polymerization (hence the term "adjusted"). 
Calculations for certain values in this table are shown in Appendix E. 
Ds, Seed diameter by CHDF (nm) 
Dp, CHDF. particle diameter by CHDF (nm) 
TEM image scale (mm/nm) 
Dap, dark phase diameter in TEM (nm) 
Dp
 TEM, total particle diameter in TEM (nm) 
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As shown in Table 4.20, the "apparent" stage ratio was measured by using a ruler to 
measure dimensions on the TEM images. This "apparent" stage ratio (also referred to as 
SRm, light phase volume divided by "dark phase" volume) uses the volume of the "dark 
phase" (calculated by diameter measurement) and the light phase volume (calculated by 
subtraction of dark phase volume from the total particle volume). The dark phase is 
referred to as such because it does not necessarily only contain PSt; it could also contain 
PMMA as occlusions or mixed material (even if not directly apparent in the image). For 
both BSP3-24 and 25, the "apparent" stage ratio (SRm) is much lower than the actual 
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stage ratio (SRR') , which is an indication that there are likely occlusions within the dark 
phase material (even though they are not evident in the images). The last row in Table 
4.20 is simply a comparison of the diameter measured in the TEM images with the 
diameter measured by CHDF. For BSP3-24 and 25 it is clear that the values correspond 
well. 
To continue on in discussion with the other set of composite particles, Table 4.21 
contains the tabulated TEM analyses for BSP3-29 and 30 (corresponding to Figure 4.32 E 
and F). 
Table 4.21: Comparison of TEM measurements with CHDF measurements, TEM measured stage 
ratio with intended stage ratio, and the particle diameter by TEM with particle diameter by CHDF 
for BSP3-29 and 30. Calculations for certain values in this table are shown in Appendix E. 
Ds, Seed diameter by CHDF (nm) 
Dp,CHDF. particle diameter by CHDF (nm) 
TEM imaqe scale (mm/nm) 
Ddp, dark phase diameter in TEM (nm) 
Dp.TEM. total particle diameter in TEM (nm) 
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As with BSP3-24 and 25, the SRm values are considerably smaller than the actual stage 
ratios, although for BSP3-30 the SRm value is substantially closer to the SRR' value. This 
is perhaps an indication that the particles of BSP3-30 are largely more phase separated 
than those of BSP3-29, which makes sense considering that BSP3-30 was a starve fed 
reaction and BSP3-29 was a batch reaction. And once again, the DP;TEM / Dp, CHDF values 
are close to 1.0, which may indicate correlation between the CHDF and TEM measured 
particle diameters. These terms are comparable since the difference in the wet state 
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(CHDF) and dry state (TEM) particle size measurements is quite small due to low water 
absorption of the second stage polymers. 
BSP3-27, 28, 31, and 32 in Figure 4.32C, D, G, and H share a similar appearance 
in the TEM, as expected. These particles are all homogeneous particles of polystyrene, 
which appear dark under the electron beam when stained with R.UO4. The particle 
uniformity is also clear in these pictures. Table 4.22 and Table 4.23 contain the tabulated 
measurements for BSP3-27, 28, 31, and 32 as compared to the CHDF measurements. 
Table 4.22: Comparison of TEM measurements with CHDF measurements for BSP3-27 and 28. 
Ds, Seed diameter by CHDF (nm) 
Dp,CHDF, particle diameter by CHDF (nm) 
TEM image scale (mm/nm) 
Dap, dark phase diameter in TEM (nm) 
Dp.TEM, total particle diameter in TEM (nm) 
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Table 4.23: Comparison of TEM measurements with CHDF measurements for BSP3-31 and 32. 
D3, Seed diameter by CHDF (nm) 
Dp. CHDF, particle diameter by CHDF (nm) 
TEM image scale (mm/nm) 
Ddp, dark phase diameter in TEM (nm) 
Dp,TEM. t°*a ' particle diameter in TEM (nm) 
*
V
 '•>• - * - «.Dp TEM / Dp C H 0 F 
BSP3-31 






-4 \ ' 1 0 
BSP3-31 






< ^ 1 % £ , j , 
BSP3-32 






1 1 <?%. 
BSP3-32 








Again, it is clear that the measurement of the particle sizes for BSP3-27, 28, 31, and 32 
by CHDF and TEM correspond well based upon the DPITEM / Dp? CHDF values. 
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Stained TEMImages ofBSP3-49, 52, and 57 (non-annealed and annealed) 
The TEM images for both of the annealed (latex heated to 150°C for various 
times) and non-annealed versions of experiments BSP3-49, 52, and 57 (detailed in Table 
4.16, page 102) are shown in Figure 4.33A-C below. 
Figure 4.33A: BSP3-49 consisting of a P(St-co-BA) seed and PMMA 2nd stage as a semi-continous 
reaction. 1.) non-annealed, 10,000x and 200 nm size bar. 2.) non-annealed, 40,000x and 50 nm size 
bar. 3.) 1 hr latex annealed, 20,000x and 100 nm size bar. 4.) 16 hr latex annealed, 20,000x and 100 
nm size bar. Slice thicknesses are 50-70 nm. 
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Figure 4.33B: BSP3-52 consisting of a P(St-co-BA) seed and P(MMA-co-MA) 2nd stage as a semi-
continous reaction. 1.) non-annealed, 10,000x and 200 nm size bar. 2.) non-annealed, 40,000x and 50 
nm size bar. 3.) 1 hr latex annealed, 20,000x and 100 nm size bar. 4.) 10 hr latex annealed, 20,000x 
and 100 nm size bar. Slice thicknesses are 50-70 nm. 
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Figure 4.33C: BSP3-57 consisting of a P(St-co-BA) seed and P(BMA-co-MA) 2nd stage as a semi-
continous reaction. 1.) non-annealed, 10,000x and 200 nm size bar. 2.) non-annealed, 40,000x and 50 
nm size bar. 3.) 1 hr latex annealed, 20,000x and 100 nm size bar. 4.) 6 hr latex annealed, 20,000x 
and 100 nm size bar. Slice thicknesses are 50-70 nm. 
Figure 4.33: TEM micrographs of experiments for testing chain end anchoring. 
BSP3-49, as shown in Figure 4.33A, in its non-annealed state appears to be a core-shell 
structure, (for there is a very thin shell of PMMA apparent), but it was expected that 
much of the PMMA would have become mixed with the P(St-co-BA) seed particle. 
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This mixing of PMMA with the seed particle would drive the effective Tg of the particle 
up until the particle became too hard for new PMMA oligomers entering the particle to 
continue diffusing inward, resulting in a thin shell forming during the latter part of 
polymerization. It is clear that phase separation occurred after only 1 hour of latex 
annealing at 150°C. There is evidence of this because of the appearance of white PMMA 
domains within the particle which were not apparent prior to annealing. The 16 hour 
annealing of BSP3-49 may be showing larger domains of occlusions within the particle. 
However, there does not appear to be a significant change in the shell thickness between 
annealed and non-annealed samples. 
For specific stage ratio measurements of BSP3-49 (non-annealed and annealed), 
refer to Table 4.24. 
Table 4.24: Comparison of TEM measurements with CHDF measurements, TEM measured stage 
ratio with intended stage ratio, and the particle diameter by TEM with particle diameter by CHDF 
for BSP3-49. Calculations for certain values in this table are shown in Appendix E. 
Ds, Seed diameter by CHDF (nm) 
Dp, CHDF. particle diameter by CHDF (nm) 
TEM image scale (mm/nm) 
DSp, dark phase diameter in TEM (nm) 
Dp
 TEM, total particle diameter in TEM (nm) 
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It seems that the SRm value (measured by the TEM images) of the non-annealed BSP3-49 
at 10,000x (the column labeled as Figure 4.33A 1) corresponds well to the actual stage 
ratio (SRR') of the latex. This is unusual in that it is very clear that phase mixed material 
does exist in the non-annealed sample due to the formation of occlusions upon annealing 
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the latex. It would seem that the value of SRm should actually be lower than the value of 
SRR', since the second stage PMMA still takes up volume in the "core" of the particle 
even though the PMMA is not fully visible in the TEM images (where SRm is measured). 
This slight discrepancy may be due to relatively low accuracy measurement with a ruler 
on a pixilated TEM image. Also, the DP/TEM / Dp, CHDF value is at 0.8, which is believed 
to be because of a skewed result of the CHDF reading for these particles. 
In the case of BSP3-52 (shown in Figure 4.33B), the expectation would be that 
there is phase mixing between the P(St-co-BA) (dry Tg ~ 57°C, wet Tg only a few degrees 
lower) seed and the P(MMA-co-MA) (Tg ~ 53°C) second stage. However, there should 
not be quite as much mixing as in the case of BSP3-49 because the second stage polymer 
for BSP3-52 is more polar than the PMMA, and thus less thermodynamically compatible 
with the nonpolar seed polymer. The second stage material should also be able to diffuse 
freely since the effective Tg of the particle will never exceed the reaction temperature. 
The TEM result of the non-annealed BSP3-52, in Figure 4.33B, shows an occluded 
particle with P(MMA-co-MA) domains within the seed polymer, as well as P(MMA-co-
MA) accumulated on the outside of the particle as a shell. It seems to have partially 
approached its equilibrium conformation even prior to annealing. After 1 hour of latex 
annealing it is evident that the occlusions become more apparent and the shell polymer 
has instead formed a somewhat hemisphere type morphology with the seed polymer. 
Eqmorph predicted a core-shell morphology which was shown in Figure 4.13 on page 76, 
and mentioned in the section on page 86. Note that the second stage material protrudes in 
the same direction for each particle, which could be an indication of an artifact resulting 
from the microtoming process. The 10 hour annealed BSP3-52 particles were not 
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considerably different than the 1 hour annealed, except for the fact that there was less 
uniformity in the particle size distribution. However, the 10 hour annealed sample should 
not be considered as fully definitive since the SEM images of this sample show a distinct 
change in the outside morphology of these particles (Figure 4.30B, page 126) Annealing 
this sample beyond 10 hours resulted in complete coagulation of the latex, but it seems 
that it may be possible that this sample reaches the height of its phase separation after 
only 1 hour of latex annealing. 
The specific stage ratio measurements of BSP3-52 (non-annealed and annealed) 
are shown in Table 4.25. 
Table 4.25: Comparison of TEM measurements with CHDF measurements, TEM measured stage 
ratio with intended stage ratio, and the particle diameter by TEM with particle diameter by CHDF 
for BSP3-52. Calculations for certain values in this table are shown in Appendix E. 
D5, Seed diameter by CHDF (nm) 
Dp,CHDF. particle diameter by CHDF (nm) 
TEM image scale (mm/nm) 
D0p, dark phase diameter in TEM (nm) 
Dp.TEM. total particle diameter in TEM (nm) 
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As with BSP3-49, BSP3-52 generally contains SRm values which are quite close to the 
SRR' values. In the case of the non-annealed sample of BSP3-52 at 10,000x (first column 
of Table 4.25, labeled as Figure 4.33B 1), the stage ratio measured in the TEM images is 
the same as the experimental. As explained previously, this is unexpected because it is 
clear that second stage polymer is within the "dark phase" core of the composite, yet 
there is no noticeable difference in the volume of the core relative to the volume of the 
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pure second stage shell polymer. The third column of Table 4.25 (labeled as Figure 
4.33B 3) shows an anomaly in the 1 hour annealed BSP3-52 sample where the SRm value 
is staggeringly lower than the SRR' value (0.2 compared to 1.0, respectively). This error 
is due to the difficulty in measuring the second stage material in the Figure 4.33B 3 TEM 
image. The second stage material is apparently pushed to the sides of the particles, 
possibly a result of the microtoming process. 
BSP3-57 should contain even less phase mixing than BSP3-52 since the Tg of the 
second stage P(MA-co-BMA) (dry Tg ~ 10°C, wet Tg slightly lower) is so low (compared 
to a reaction temperature of 70°C) that phase consolidation should occur relatively easily 
due to non-restricted diffusion. Figure 4.33C shows that the TEM images of the non-
annealed samples exhibit phase separation. There is a clear shell of acrylic polymer 
around the particles, as well as some evidence of occlusions within the particles. Upon 1 
hour of latex annealing, domains of acrylic polymer become more defined inside the 
particles. The particles which underwent 6 hours of annealing also have more apparent 
occlusions within the P(St-co-BA) seed polymer, which are arguably larger and less in 
number when compared to the 1 hour annealed version. Aside from the presence of 
occlusions, this result follows the Eqmorph simulation which shows the formation of a 
purely core-shell morphology (shown in Figure 4.13 on page 76, and mentioned in the 
section on page 86). 
Finally, the stage ratio and CHDF comparisons for BSP3-57 are shown in Table 
4.26, which show similar results to BSP3-49 and 52. 
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Table 4.26: Comparison of TEM measurements with CHDF measurements, TEM measured stage 
ratio with intended stage ratio, and the particle diameter by TEM with particle diameter by CHDF 
for BSP3-57. Calculations for certain values in this table are shown in Appendix E. 
Ds, Seed diameter by CHDF (nm) 
Dp. CHDF. particle diameter by CHDF (nm) 
TEM image scale (mm/nm) 
Ddp, dark phase diameter in TEM (nm) 
Dp
 TEM, total particle diameter in TEM (nm) 
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Once again, the SRm of BSP3-57 is very close to the SRR' value for the non-annealed 
sample. The C2 and C3 columns of Table 4.26 do show smaller values of SRm, which is 
unexpected, because if anything, during annealing (and thus phase consolidation) the 
"apparent" stage ratio should either stay the same or increase. The DP;TEM / Dp, CHDF 
values are 0.8, which is possibly caused by a skewed result of the CHDF reading for 
these particles. 
End Group and Surfactant Titration 
End Group Titration 
The results of end group titrations are shown in Table 4.27. Refer to Appendix E 
for detailed mathematical analysis of the end group titration, as well as for the calculation 
of the number of second stage chains and end groups per particle. It should also be noted 
that these titrations were not reproduced due to the amount of latex required for a single 
titration. 
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For the first eight experiments shown in Table 4.27, there is a very clear difference in the 
general number of detected surface SO4" end groups between the second stage 
polymerizations which used KPS (BSP3-24, 25, 27, 28) and those which used VA-086 
(BSP3-29, 30, 31, 32). The latices with KPS as the second stage initiator exhibit a much 
higher surface charge density, indicating that much of the particles' surface contain SO4" 
end groups. However, the latices with VA-086 as the second stage initiator show 
significantly less charge density, which is an indication that the SO4" end groups are not 
anchored to the particle surfaces. 
In regards to the expected trend for the end group titrations, the semi-continuous 
reactions with KPS as the second stage initiator (BSP3-25, 28) should contain the largest 
number of end groups per particle surface, but the data do not depict this expectation. 
The batch reactions with KPS (BSP3-24, 27) should show a smaller number of end 
groups on the particle surfaces, but again there is no clear trend to indicate this fact 
within the first four latices. For the batch reactions with VA-086 as the second stage 
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initiator (BSP3-30, 32), they should show more SO4" end groups per particle surface than 
for the semi-continuous reactions (BSP3-29, 31), but again there is not a consistent or 
significant trend noticeable. However, in comparing these end group titration data for the 
composite latices (BSP3-24, 25, 29, 30) with the TEM photos (Figure 4.32, page 133), 
there is some consistency. They clearly have second stage PMMA on the outside of the 
particles and exhibit similar values of charge density (Table 4.27) if KPS is the initiator 
or if VA-086 is the initiator. 
There seems to be some significant error between the measured and calculated 
number of end groups per particle. This is noticed when observing the percentage of end 
groups which appear on the surfaces of the particles for BSP3-24 and BSP3-27. The 
calculation shows a percentage greater than 100, in which it is suspected that some error 
may simply be a result of the broad particle size distribution for some samples in the first 
eight experiments. 
The latter three experiments in Table 4.27 differ from the first eight largely 
because the particle diameters of BSP3-49, 52, and 57 are around 100 nm larger. This 
difference in size will clearly affect titration results, since there is significantly more 
surface area for a -250 nm particle. Also, the total number of SO4" end groups per 
particle is much greater for these larger particles (as indicated in Table 4.27), which 
makes sense intuitively. BSP3-49, 52, and 57 show unusually high values of charge 
density, the magnitude of which may be attributed to experimental error. However the 
fact that high charge densities are observed is expected since the TEM images (Figure 
4.33, page 139) show there is significant presence of the 2nd stage polymer (polymerized 
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with KPS) on the outside of the particles. It is unclear, however, as to why BSP3-52 has 
a much higher charge density than the other two samples. When looking at the TEM 
images, the intensity of the whiteness of the second stage material is not easily 
comparable between samples in order to judge any degree of mixing throughout the shell 
phase polymer. 
Surfactant Titration 
The surfactant titration results are shown in Table 4.28. Refer to Appendix E for 
detailed mathematical analysis of the surfactant titration. 

























The values in Table 4.28 are very unexpected given that the morphological location of 
each polymer phase is known through the TEM micrographs. The homogeneous latices 
(BSP3-27, 28, 31 and 32) should simply reflect the surfactant absorption area for 
polystyrene, which is 44 A2 per SDS molecule. However the surfactant titration results 
for BSP3-27 and 28 are almost half of the expected result, which may be attributed to a 
broad particle size distribution. The results for BSP3-31 and BSP3-32 are more 
reasonable. Examination of the composite latices should show an absorption area 
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somewhere between 44 and 100 A2 per SDS molecule, since the absorption area for 
PMMA is 100. However, the composite results of surfactant absorption area in Table 
4.28 do not even span beyond 44 A2 per SDS molecule. This indicates that there must be 
some error associated with the titration data since it is clear from TEM data that acrylic 
polymer is indeed largely on the outside of these particles. 
DSC Analysis of Polymer Phase Mixing 
The results of DSC may provide a detailed look into the mixed nature of the 
polymer phases within these particles. While transmission electron microscopy can give 
clues about where the polymer phases are located within a particle, DSC can provide 
quantitative information about the phase separated nature of the polymers within the 
particles. Combined, TEM and DSC can give a detailed explanation of the morphology 
of these latex particles. 
DSC Results for BSP3-24 to BSP3-32 
The elemental mapping validation experiments were designed such that there 
would be minimal mixing between the two phases, except in the case of a batch 
polymerization. Generally, the DSC curves depict this, even if there is difficulty in 
seeing phase separation in certain TEM micrographs (e.g. when polystyrene is both the 
first and second stage polymer). The DSC plots for the first set of experiments (BSP3-24 
to BSP3-32) to validate elemental mapping are shown in Figure 4.34A-H. All DSC plots 
refer to the polymer dry Tg values (although the wet Tg values are not substantially 
different to affect the intended polymerization results). The plots are representative of 
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the polymer samples which were scanned in the DSC according the procedure previously 
described in the DSC section on page 109. Polymer sample is first preheated to the dry 
Tg and then brought down to a starting temperature. The energy data is then recorded as 
the sample is brought from the lower temperature to the higher temperature (usually ±40 
to 50°C in reference to the lowest and highest Tg values). This DSC scan which occurs 
after the preheat step is referred to as "scan 1". Scan 2 would be an additional scan after 
the first, which will reflect the physical state of the sample after having been "annealed" 
by the scan 1 heating treatment. The scan 1 is important because it provides an indication 
of the degree of phase separation of the polymer sample in its original state, before 
application of any high temperature which may cause further phase separation. For 
certain experiments where possible, scan 1 is overlayed with the DSC scan of a physical 
latex blend of the two homopolymers which comprise the composite latex, since this 
blend should show zero phase mixing. The integration under each curve is performed to 




Figure 4.34A: DSC scan for BSP3-24 composite latex, with the seed polymerized with VA-086 and 
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Figure 4.34B: DSC scan for BSP3-25 composite latex, with the seed polymerized with VA-086 and 




Figure 4.34C: DSC scan for BSP3-27 homogeneous polystyrene latex, with the seed polymerized 
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Figure 4.34D: DSC scan for BSP3-28 homogeneous polystyrene latex, with the seed polymerized 
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Figure 4.34E: DSC scan for BSP3-29 composite latex, with the seed polymerized with KPS and the 
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Figure 4.34F: DSC scan for BSP3-30 composite latex, with the seed polymerized with KPS and the 
2nd stage with VA-086. It is overlayed with the DSC curve of a blend of the St and MMA polymers. 
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Figure 4.34G: DSC scan for BSP3-31 homogeneous polystyrene latex, with the seed polymerized 












Figure 4.34H: DSC scan for BSP3-32 homogeneous polystyrene latex, with the seed polymerized 
with KPS and the 2nd stage with VA-086. 
Figure 4.34: DSC traces for BSP3-24 to BSP3-32. The heat capacity values are calculated by the 
integration under the curve. These curves represent scan 1. 
The DSC results for BSP3-24 and BSP3-25 clearly indicate there is significant phase 
separation between the PSt and PMMA phases. This is evident because there are two 
defined peaks at the corresponding dry and wet Tg for PSt (~104°C) and PMMA (~120°C 
dry, 94°C wet), meaning there is significant presence of these pure phase polymers. 
There is likely very little phase mixing in these samples, but it is not fully discernable 
because the individual peaks for PSt and PMMA are so close to each other that there is 
some overlap which makes mixing difficult to see by DSC. BSP3-27 and BSP3-28 are 
homogeneous PSt and therefore only one peak appears at the appropriate Tg. The DSC 
curves for BSP3-29 and BSP3-30 are unexpected in that the first heating cycle results in a 
triple-peaked signal, and the second cycle results in a double-peaked signal which does 
not coincide with the PMMA Tg at all. This result is perplexing, but is at least consistent 
between BSP3-29 and BSP3-30 and also reproduced with multiple samples. BSP3-31 
and BSP3-32 show the polystyrene peak at the appropriate Tg, but each with a slight 
153 
bump preceeding the apex of the transition. It is unclear what caused this bump to 
appear, but the expectation of 104°C is very clear in the overall signal. These DSC scans 
were all reproduced well using new samples for each reproduction. 
Scan 1 DSC Results for BSP3-49, 52, and 57; non-annealed 
Figure 4.35A-C depicts the initial DSC scans (scan 1) for various conversion 
samples of BSP3-49, BSP3-52, and BSP3-57, along with the integration underneath each 
curve to produce the corresponding heat capacity value. The plots are a combination of 
overlayed DSC curves (one of which is a dotted curve representing a blend or pure seed 
material) for the periodic dried samples which were withdrawn from the reactor during 
the polymerization of the latex. As with the previous latices, all DSC plots for both the 
non-annealed and annealed data refer to the polymer dry Tg values (although the wet Tg 
values are not substantially different to affect the intended polymerization results). Each 
sample represents a specific overall monomer conversion, as indicated in the legend 
region of the plot. 
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Figure 4.35A: DSC scan 1 for each sample of a BSP3-49 latex. The seed is P(BA-co-St) with a Tg of 
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Figure 4.35B: DSC scan 1 for each sample of a BSP3-52 latex. The seed is P(BA-co-St) with a Tg of 
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Figure 4.35C: DSC scan 1 for each sample of a BSP3-57 latex. The seed is P(BA-co-St) with a Tg of 
~60°C and the 2nd stage is P(BMA-co-MA) with a Tg of ~10°C. 
Figure 4.35: First scan DSC traces for BSP3-49, BSP3-52, and BSP3-57. The heat capacity values 
are calculated by the integration under the curve. The percent conversion represented by each 
sample is included. Note that for Figures B and C the DSC trace of the seed is included (dashed line) 
without the second stage polymer signal. 
It is clear in Figure 4.35A that there is significant phase mixing between the P(St-co-BA) 
and PMMA phases. For latex samples at lower conversions there is a higher presence of 
pure phase P(St-co-BA) seed polymer, whereas at higher conversions there is a clear shift 
of the P(St-co-B A) peak toward the second stage polymer Tg. There is also a shift of the 
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P(St-co-BA) down the heat capacity axis, which indicates a decrease in the relative 
quantity the seed polymer as compared to the second stage polymer. The DSC data for 
BSP3-49 are a bit unexpected, however, in two significant aspects. The first being that a 
positive temperature axis shift of the seed Tg peak should be much greater than what is 
seen, since this would be an indication of very strong phase mixing. The second being 
that the presence of more pure PMMA would be expected as a higher peak on the right 
side of the plot. Instead, there is very little signal for PMMA, which indicates that there 
is very little pure PMMA present. This actually would be the expected result if not for 
the fact that there is no significant peak located in the middle range of the plot. 
Figure 4.35B is less useful for discerning mixing because the Tg values of the 
P(St-co-BA) seed and P(MMA-co-MA) second stage material are so close together, 
causing an overlap in the seed and second stage signals. The plot seems to indicate that 
there is probably significant phase separation, since two distinct peaks are noticeable, but 
there is also some mixing because the peak which corresponds to the seed polymer does 
shift to the left as the conversion increases. For Figure 4.35C, there is clear phase 
separation with very little apparent mixing. There are some anomalies in the curves for 
BSP3-57, as evidenced by the inconsistent direction of shift for the peak which represents 
the seed polymer. The peak for the second stage material does shift up the y-axis as 
conversion increases, which is expected, but the overall location of this peak seems a bit 
low since it corresponds to the Tg of pure PMA instead of a copolymer of n-BMA and 
MA. 
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Scan 2 DSC Results for BSP3-49, 52, and 57; DSC annealed 
The data represented previously in Figure 4.35 are more telling when compared to 
the DSC plots of the annealed samples shown in Figure 4.36A-C below. They are 
considered annealed because they are the second scan (scan 2) which occurs directly after 
the first of the DSC curves in Figure 4.35. This means the samples were allowed to 
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Figure 4.36A: DSC scan 2 for each sample of a BSP3-49 latex. The seed is P(BA-co-St) with a Tg of 
~60°C and the 2nd stage is PMMA with a Tg of ~120°C. 
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Figure 4.36B: DSC scan 2 for each sample of a BSP3-52 latex. The seed is P(BA-co-St) with a Tg of 
~60°C and the 2nd stage is P(MMA-co-MA) with a Tg of ~57°C. 
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Figure 4.36C: DSC scan 2 for each sample of a BSP3-57 latex. The seed is P(BA-co-St) with a Tg of 
~60°C and the 2nd stage is P(BMA-co-MA) with a Tg of ~10°C. 
Figure 4.36: Second scan DSC traces for BSP3-49, BSP3-52, and BSP3-57. The heat capacity values 
are calculated by the integration under the curve. The percent conversion represented by each 
sample is included. Note that for Figures B and C the DSC trace of the seed is included (dashed line) 
without the second stage polymer signal. 
In the comparison of Figure 4.36A with Figure 4.35A, it is clear to see that the 
thermal annealing of the sample in the DSC has caused further phase separation. This 
means that the non-annealed sample does indeed show significant mixing, as expected. 
For Figure 4.36B, there is not a significant difference as compared to Figure 4.35B. 
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Although, because of the close proximity of the first and second stage Tg signals, it is 
difficult to make a conclusion. It is reasonable to assume that the DSC annealed sample 
is some degree more phase separated than the non-annealed scan. And finally, there is no 
large difference between the curves depicted in Figure 4.36C and Figure 4.35C, which is 
a good indication that the particles were very highly phase separated to begin with. 
Comparison of Latex Annealed and DSC Annealed Results for BSP3-49, 52, and 57 
The last segment of DSC traces shown in Figure 4.37A-C will be to compare the 
latex annealed samples to the DSC annealed samples. The annealing procedure used for 
these samples was described in a previous section on page 102. Upon latex annealing, 
the samples are heated to 150°C in a closed vessel to allow phase rearrangement in the 
wet state. As with the DSC annealed samples shown previously in Figure 4.36A-C, the 
driving force would be for polymer chains to move from mixed state to a phase separated 
state, which is observable with DSC. A DSC scan of the highest conversion sample (scan 
2) is also overlayed in the plots of Figure 4.37 for reference in order to compare the dry 
annealing versus wet annealing. 
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Figure 4.37A: Overlay of DSC scans for the latex annealed (scan 1) and DSC annealed (scan 2) 
samples of a BSP3-49 latex. The seed is P(BA-co-St) with a Tg of ~60°C and the 2nd stage is PMMA 
withaT„of~120°C. 
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Figure 4.37B: Overlay of DSC scans for the latex annealed (scan 1) and DSC annealed (scan 2) 
samples of a BSP3-52 latex. The seed is P(BA-co-St) with a Tg of ~60°C and the 2nd stage is P(MMA 
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Figure 4.37C: Overlay of DSC scans for the latex annealed (scan 1) and DSC annealed (scan 2) 
samples of a BSP3-57 latex. The seed is P(BA-co-St) with a Tg of ~60°C and the 2nd stage is P(BMA-
co-MA) with a Tg of ~10°C. 
Figure 4.37: Comparison of DSC traces for latex annealed and non-annealed samples of BSP3-49, 
BSP3-52, and BSP3-57. The heat capacity values are calculated by the integration under the curve. 
The percent conversion represented by the non-annealed sample is included. Note that for Figures B 
and C the DSC trace of the seed is included (dashed line) without the second stage polymer signal. 
Also, the second cycle scans of the latex annealed scans are not included because there was no 
significant difference between the curves. 
In Figure 4.37A, the DSC annealed sample (95% conversion) shows a very similar curve 
to the 1 hour latex annealed sample. This indicates that phase separation is indeed 
occurring in the latex annealed samples and could mean that 1 hour of latex annealing 
yields a degree of phase separation similar to dry DSC annealing for 20 minutes. The 5 
and 16 hour latex annealed sample DSC curves are unexpected in that the peaks for each 
stage of polymer shift away from the seed blend DSC curve. If phase separation is 
occurring, as is highly suspected, then the phase consolidation should result in a strong 
increase in the signal of the pure first and second stage polymers. 
Figure 4.37B shows that the 1 hour latex annealed sample is similar to the DSC 
annealed sample, in that there are two overlapping peaks apparent in the overall signal. 
The 6 and 10 hour latex annealed samples, however, only appear to be one peak between 
161 
the apparent Tg values of the first and second stage material. This formation of a single 
peak is often a sign of high phase mixing between two polymers, but it is not entirely 
clear in this case since the Tg values are so close and are overlapping. Figure 4.37C 
shows that the temperature axis position of the DSC annealed, 1 hour latex annealed, and 
6 hour latex annealed samples is pretty similar. An interesting feature is that the signal 
between the temperature range of 20-50°C shows a strong difference between the 1 hour 
latex annealed and the other two samples. This presence of greater area underneath the 
middle part of the signal is usually an indication of the presence of mixed phase polymer. 
ESI TEM for Elemental Mapping 
The elemental map results were intended to show the presence of specific 
elements throughout a latex particle. Professor Fernando Galembeck, of the State 
University of Campinas in Brazil, has published some very elegant work using this 
technique where he clearly depicts distinct elemental maps of latex particles (as 
previously discussed starting on page 24). ' ' In addition to the elemental maps, 
Professor Galembeck provided electron loss (e.g.: low-loss) and bright field (BF) images 
of each latex sample. The BF images presented for each sample, which are simply 
standard TEM images without staining, should be comparable to the TEM images shown 
in Figure 4.32 (page 133). However, they will not be identical since the BF images are 
non-stained, and thus exhibit less contrast between polymer phases. The low-loss images 
represent a specific energy window (~20 eV) where there are frequent inelastic collisions 
of electrons with the sample, resulting in a strong signal which can become more intense 
in thicker regions of sample. These low-loss images are useful to use in comparison with 
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the BF images in order to discern the total particle dimensions. 
Stained TEM, Brightfield, and Low-loss Image Results ofLatices 
As an example, Figure 4.38 shows the stained TEM, brightfield, and low-loss 
images for BSP3-28, which is a latex with PSt first stage and PSt second stage (starve fed 
reaction). The seed was polymerized with VA-086 and the PSt second stage was 
polymerized with KPS. 
Figure 4.38: Stained TEM (TEM), brightfield (BF), and low-loss (20eV) images for BSP3-28. The 
size bars are 200 nm. Section thickness is 50-70 nm. 
The stained TEM clearly shows styrene particles (good focus is apparent due to clarity of 
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the background), but there is some apparent non-uniformity seen in the BF image. There 
appears to be a layer of less electron-dense material around a darker core, which is not at 
all expected since both stages are polystyrene. The low-loss image verifies the full 
diameter of the particles, which certainly does include the apparent shell which surrounds 
the darker interior of the particles. It is important to note that for each latex which is a 
homogeneous polystyrene, similar results are seen as- shown in Figure 4.38 (these 
additional images can be found in Appendix D). 
Presenting an example of a composite particle, Figure 4.39 contains the stained 
TEM, brightfield, and low-loss images for BSP3-30. BSP3-30 is a latex comprised of a 
PSt first stage and PMMA second stage (starve fed reaction). The seed was polymerized 
with KPS and the PMMA second stage was polymerized with VA-086. 
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Figure 4.39: Stained TEM (TEM), brightfield (BF), and low-loss (20eV) images for BSP3-30. The 
size bars are 200 nm. Section thickness is 50-70 nm. 
The stained TEM image clearly shows phase separated particles in good focus. The BF 
image does show some evidence of phase separated particles, although it is not as clear 
because the second stage does not contrast significantly from the background material. 
The low-loss image helps to verify that the gray shell around the dark core of the BF 
image does indeed constitute the dimensions of the particles, but does not otherwise show 
any particle morphology. 
To provide one more example of a comparison of the stained TEM, brightfield, 
and low-loss images, refer to Figure 4.40. This figure is representative of BSP3-57, 
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which is a P(St-co-BA) seed (polymerized with VA-086) with a P(MA-co-BMA) second 
stage (polymerized with KPS). Additional BF and electron loss images of other latices 
can be found in Appendix D. 
Figure 4.40: Stained TEM (TEM), brightfield (BF), and low-loss (20eV) images for non-annealed 
BSP3-57. The size bars are 200 nm. Section thickness is 50-70 nm. 
The stained TEM image clearly shows occlusions in the central region of the particle and 
a thin shell of second stage polymer around each particle. The occlusions are not at all 
visible in the BF image, but the shell of second stage polymer is noticeable as a gray halo 
around each particle. The low-loss image clearly shows a distinction between the shell 
and the core of the particle, although occlusions within the core are not obvious. The BF 
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and low-loss images for the annealed version of BSP3-57 were not provided. Next, an 
investigation of the elemental maps for these latices is to be shown. 
Elemental Mapping Results of Latices 
The sulfur maps of the latices described in the previous section (BSP3-28, 30, and 
57) are shown in Figure 4.41 A, B, and C, respectively. 
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Figure 4.41: Sulfur maps of A.) BSP3-28, B.) BSP3-30, and C.) BSP3-57 (non-annealed). Size bars 
are 200 nm. Section thickness is 50-70 nm. 
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The first obvious feature which is apparent in each image of Figure 4.41 is the lack of 
differentiation between the locations of the sulfur between latices. All particles (no 
matter which latex) show sulfur thoroughly present in the interior, with a slight 
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decrease in sulfur presence around the outsides of the particles. This is the general trend 
seen in all sulfur maps of the latex samples for this thesis work. In the case of BSP3-28 
(Figure 4.41 A), the seed latex was polymerized with VA-086 and the second stage was 
polymerized with KPS under reasonably starve fed conditions (Cp ~ 1.0). The sulfur 
maps essentially opposite to the expectation, which would be an accumulation of sulfur 
on the outside of the particles with little-to-no sulfur on the interior of the particles. 
Although, one might conclude that the sulfur map for BSP3-30 (Figure 4.41 B) is correct, 
since the seed of this latex was polymerized with KPS and the second stage was not. 
However, there is discrepancy upon observation of the oxygen map for BSP3-30 (shown 
in Figure 4.42 A). 
Figure 4.42: Oxygen maps of A.) BSP3-30 and B.) non-annealed BSP3-57. Size bars are 200 nm. 
Section thickness is 50-70 nm. 
The second stage polymer contains many repeating units of methyl methacrylate, which 
contains oxygen. Therefore there should be a significant oxygen signal seen in the shell 
phase material. Figure 4.42A instead shows oxygen largely in the particle interiors, 
becoming less present on the exterior of the particles (a similar trend as seen in the sulfur 
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maps in Figure 4.41). 
Finally, the sulfur map of BSP3-57 (Figure 4.41 C) is also opposite of the 
expectation that the second stage polymer, containing KPS, is not at all apparent in 
Figure 4.41 C due to the lack of a sulfur signal around the circumference of the particles, 
and also an inability to distinguish smaller domains of sulfur as a result of the P(MA-co-
BMA) occlusions. Similarly, the oxygen map of BSP3-57 (Figure 4.42 B) does not show 
a strong presence of oxygen around the exterior of the particles. These discrepancies of 
elemental mapping are puzzling since they disallow any definitive conclusion about 
where specific elements truly are located in the latex particles. As another test to the 
ability of this technique to map elements, a simple blend of latex was prepared, as 
described in the following sub-section (the detailed formulation of this blend was 
described on page 99). Also, additional elemental maps (as well as EELS spectra and BF 
images) of all latices for this work are provided in Appendix D. 
Simple Latex Blend to Check Elemental Mapping Ability 
The latex blend between BSP1-22 and BSP2-72 was prepared because it 
constituted a simple mixture of homogeneous particles (instead of a system where one 
stage is reacted with one type of initiator and another stage is reacted with a different type 
of initiator). A blend of PMMA particles (polymerized with KPS) with PSt particles 
(polymerized with VA-086) should be a simple sample to analyze with the elemental 
mapping technique in order to verify if the technique is providing the desired information 
for the rest of the latex in this study. The stained TEM, BF, and elemental map results 
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for the blend of BSP1-22 and BSP2-72 are shown in Figure 4.43. 
Figure 4.43: Enhanced contrast, stained TEM image, ESI-TEM oxygen and sulfur elemental maps, 
and brightfield image for the PMMA (with KPS) and PSt (with VA-086) blend. The size bar reads 
200 nm. Section thickness is 50-70 nm. 
In the enhanced contrast TEM image of the blend (Figure 4.43), the PSt and PMMA 
particles are clearly seen as black and white moieties, respectively. The BF image is 
unclear, because while there are many dark particles present, there are many white 
spaces, which on a BF typically indicate an area void of material. The elemental 
mapping seen in Figure 4.43 is puzzling because for every distinct particle seen in the 
BF, which are presumed to be polystyrene, there is significant brightness in the sulfur 
mapping. Additionally, the white areas on of the BF do not show any significant 
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presence of sulfur. The oxygen map is very similar, which is also unexpected since the 
KPS containing particles (the white PMMA material) should perhaps show a higher 
oxygen density than the polystyrene polymerized with VA-086. Thus, both the sulfur 
and oxygen seem inappropriately mapped, which means the technique appears 
inconclusive for the samples tested. At the time of writing this work these mapping 
discrepancies are unresolved and further discussion with Professor Galembeck is taking 
place. 
Additional Analyses for End Group Anchoring, Tethering, Entry, and Burial 
It is important to discuss how the latex particles produced in this work were likely 
to have been built from beginning to the end of the polymerizations. In order to do so, it 
is first useful to examine the obtained morphology (seen by stained TEM images, starting 
on page 129) and degree of phase separation (seen by DSC results, starting on page 148) 
in comparison with the morphology which would be expected given the polymer system 
and reaction conditions. This section will exhibit select latices which are interesting to 
consider in terms of particle building in relation to end group anchoring, tethering, entry, 
and burial. Each selected latex will be described one by one in conjunction with 
reiterating important supporting data. 
Particle Building Analyses for BSP3-24, 25, 29, and 30 
The first experiment to look at is the batch reaction which produced BSP3-24. 
This latex was polymerized from a PSt seed (with VA-086) in the presence of PMMA 
second stage (with KPS) under batch conditions, which means that the particles were 
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swollen with monomer throughout the polymerization. Under monomer-swollen 
conditions, diffusion of polymer chains to the interior of the particles is possible. Figure 
4.44 shows a compilation of TEM, DSC, expected morphologies, and expected sulfur 
distribution for BSP3-24. For references to specific latices throughout this particular 
section, see Table 4.29; content from this table will be used in discussion. 
Table 4.29: Summary of certain information for experiments BSP3-24 to 32 of this thesis. The 
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Figure 4.44: Grouping of stained TEM, DSC, expected morphologies, and expected sulfur 
distribution for BSP3-24. TEM images are 1.) 10,000x with 200 nm size bar, 2.) 40,000x with 50 nm 
size bar, and DSC scan is the non-annealed scan. 
In a batch reaction, occlusions are likely to form since the polymer chains are free 
to penetrate the particle (due to high monomer concentration, cp) and phase separate once 
enough chains agglomerate into the critical domain size for phase separation.36 The 
phase separated domains may end up remaining in the interior of the particles since as the 
reaction reaches the later stages, the monomer concentration in the particles is quite low, 
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hindering polymer diffusion (hence the term "kinetic" morphology). The formation of a 
small amount of second stage shell around the seed polymer could result from two 
possible mechanisms. One is that as the polymerization reaches the later stages, the cp 
decreases and eventually reaches a point where the incoming oligomers are unable to 
diffuse easily into the particle. At this point the new polymer chains simply layer along 
the outside of the particle. Another consideration, however, is that under equilibrium 
conditions the PMMA phase would preferentially reside in contact with the water around 
the particle (to minimize interfacial tension), since PSt is much more hydrophobic than 
PMMA.58 These seems to form a reasonable explanation for the apparent thin shell of 
PMMA seen in the TEM image of Figure 4.44. As discussed in the stained TEM section 
of this work (page 129), occlusions likely exist in BSP3-24, since the "apparent" stage 
ratio in the TEM image is much lower than that of the actual stage ratio (shown in Table 
4.29 as well). 
Also, the DSC curve in Figure 4.44 clearly shows phase separated polymer in the 
particles, which is evidence for the existence of the thin shell or occlusions of PMMA (or 
both). In the case of the sulfur distribution, sulfur should only exist wherever the PMMA 
phase exists (it may also exist around the particles where SDS would be, but this should 
not be significant since the BSP3-24 particles are surrounded by PMMA). It can 
confidently be said that chain transfer to monomer reactions were minimized in these 
experiments since the Mn values are well below 106 g/mol (Table 4.29), which means that 
the vast majority of polymer chains contain SO4" end groups. If OH radicals from chain 
transfer were initiating oligomers (instead of SO4" radicals), the growing oligomers would 
be able to enter the particles and diffuse much more easily, which would mean the 
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location of sulfur would be difficult to control (although this is not of much concern for 
batch reactions since diffusion is generally unrestricted anyhow). And finally, it should 
be noted that the charge density (although of an unusually high magnitude) indicates the 
significant presence of S04" end groups on the surface of the BSP3-24 particles (Table 
4.29). This is further evidence that PMMA is substantially present on the surface of the 
particles. The percentage of sulfate end groups located on the surface (relative to the 
total number of sulfate groups existing in all of the particle's polymer chains) was greater 
than 100% and is not considered definitive. It is also likely that this value is incorrect 
due to the broader particle size distribution of BSP3-24. 
Next, consider BSP3-25, which is the same system as BSP3-24, except a semi-
continuous (or starve fed) reaction type. The TEM, DSC, and expected results are 
displayed in Figure 4.45. 
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Figure 4.45: Grouping of stained TEM, DSC, and expected morphologies for BSP3-25. TEM images 
are 1.) 10,000x with 200 nm size bar, 2.) 40,000x with 50 nm size bar, and DSC scan is the non-
annealed scan. 
In a starve fed reaction, the monomer concentration in the particles (Cp) is much lower 
than for a batch reaction. For the case of a polystyrene seed (dry and wet Tg ~ 104°C), a 
starve fed reaction results in second stage polymer chains and oligoradicals being unable 
to penetrate far into a hard seed polymer. Thus the second stage polymer has no choice 
but to layer itself on the surface of the particle. Table 4.29 shows that the cp value for 
BSP3-25 was 1.0 M, which is much lower than for a batch reaction (7.5 M), although not 
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quite as low as intended. Nonetheless, a mostly core-shell morphology would be 
expected (with slight potential for penetration due to Cp = 1.0 M). The TEM images 
(Figure 4.45) show that there is a thin shell of PMMA around the particles, and the 
"apparent" stage ratio is 0.3 to 0.6. The "apparent" stage ratio is again much lower than 
the actual stage ratio (3.1), which is an indication that occlusions likely do exist within 
these BSP3-25 particles even though it is not obvious in the TEM images. The DSC 
curve shows that there is significant presence of non-mixed first and second stage 
polymer, which is further vindication for the existence of pure phase polymer. It seems 
that the cp of 1.0 was high enough to allow for a significant amount of second stage 
polymer to enter the particles. Also, the relatively high charge density is evidence for the 
existence of a shell of PMMA, and the percentage of end groups on the particle surfaces 
is evidence against the concept of end group anchoring (although the titration results are 
not valued as very highly accurate quantitatively). As with BSP3-24, the sulfur should 
only be present wherever the PMMA is present. 
BSP3-29 represents the same polymer system as in BSP3-24 and 25, but the 
difference is in the pairing of initiators with first and second stage polymers. For BSP3-
29, whose TEM, DSC, and expected morphologies are shown in Figure 4.46, the PSt seed 
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Expected Morphologies and Sulfur Distribution 
Kinetic 
Morphology 
Polystyrene seed, with sulfur 
(from KPS initiator) 
Poly(methyl methacrylate) 2nd stage, 
no sulfur (VA-086 initiator) 
Equilibrium 
Morphology 
Figure 4.46: Grouping of stained TEM, DSC, and expected morphologies for BSP3-29. TEM images 
are 1.) 10,000x with 200 nm size bar, 2.) 20,000x with 100 nm size bar, and DSC scans show both the 
non-annealed (cycle 1) and annealed (cycle 2) scan. 
BSP3-29 was polymerized as a batch reaction, yet produced quite a different result from 
BSP3-24 (also a batch reaction of the same polymer system). The Figure 4.46 TEM 
images show significant phase consolidation as large lobes (although some particles 
appear to be core-shell) engulfing the dark phase material (mostly PSt). The "apparent" 
stage ratio (Table 4.29) is 1.0 - 1.7, which is still lower than the actual stage ratio of 5.5. 
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This is evidence to support the idea that occlusions may exist within the dark phase 
material, even though they are not directly seen in the TEM images. The DSC image of 
Figure 4.46 is inconclusive for BSP3-29 due to the strange triple-peak noticed for the first 
scan and the unexpected placement of the dual-peak in the second scan. However, it is 
still reasonable to conclude that there is significant phase consolidation in the particles 
from the TEM images. It seems that some of the PMMA phase polymer may have 
formed around the seed polymer as a result of the restricted diffusion toward the end of a 
batch polymerization, and also that a significant quantity of second stage polymer 
favored its equilibrium position at some point during polymerization. The relatively low 
charge density (Table 4.29) and percentage of end groups on the particle surfaces are an 
indication that many of the S04" end groups must indeed be within the particles. The 
sulfur should only be associated with the dark phase PSt, and therefore should not exist in 
the bulk of the white phase PMMA. 
Next, BSP3-30 was polymerized with the same polymer-initiator system as for 
BSP3-29, with the only difference being a starve fed reaction instead of a batch reaction. 
As with BSP3-29, any S04" end groups should be associated with the dark phase PSt and 
not the white phase PMMA. The TEM, DSC, and expected morphology for BSP3-30 is 
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Expected Morphology and Sulfur Distribution 
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(from KPS initiator) 
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Figure 4.47: Grouping of stained TEM, DSC, and expected morphologies for BSP3-30. TEM images 
are 1.) 10,000x with 200 nm size bar, 2.) 20,000x with 100 nm size bar, and DSC scans show both the 
non-annealed (cycle 1) and annealed (cycle 2) scan. 
The cp for the starve fed reaction of BSP3-30 was 1.8M, which is much higher than 
intended, but still significantly lower than the Cp for a batch reaction (7.5 M). The TEM 
images in Figure 4.47 show clear phase consolidation as an apparent shell of PMMA 
around the dark phase. It should be noted that the dark phase appears to extend in the 
upper-left direction for each particle, which is believed to be a possible artifact of 
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microtoming. It seems that the particles may truly be core-shell (as a considerable 
number of them do appear to have a shell), despite the apparent "smearing" of the dark 
phase to the upper-left. Additionally, the "apparent" stage ratio seen in the TEM images 
is between 2.4 and 3.3, which is a bit lower than the actual stage ratio of 4.9. This is an 
indication that some occlusions may exist within the dark phase. Evidence of phase 
mixing is non-existent because of the uncharacteristic DSC curve obtained for BSP3-30. 
As with BSP3-29, there is a strange triple-peak noticed for the first scan and an 
unexpected placement of the dual-peak in the second scan. Nonetheless, this particle 
does exhibit clear phase consolidation and likely does contain some occlusions within the 
dark phase (since the cp was 1.8 M). And once again (as with BSP3-29), BSP3-30 seems 
to have a relatively low charge density (Table 4.29) and percentage of end groups on the 
particle surfaces, which are an indication that many of the S04" end groups are within the 
particles. 
Particle Building Analyses for BSP3-49, 52, and 57 
The next experiments to discuss are the latter three of Table 4.29, where each 
polymerization was starve fed and the same seed polymer was used for each. These three 
experiments are important because they aim to show systems where the second stage 
polymer is able to exist in the particle interior (away from the particle surface). The seed 
was P(St-co-BA) with a dry Tg of about 60°C and VA-086 was used as the initiator. All 
second stage polymerizations used KPS initiator with a reaction temperature of 70°C. 
BSP3-49 used a PMMA (dry Tg ~ 120°C, wet Tg ~ 94°C) second stage, BSP3-52 used a 
P(MMA-co-MA) (measured dry Tg ~ 53°C, wet Tg ~ 40°C) second stage, and BSP3-57 
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used a P(MA-co-BMA) (measured dry Tg ~ 10°C, which is 10°C lower than intended) 
second stage whose wet state Tg is not substantially lower than the dry state (still below 
reaction temperature). The polymer system for BSP3-49 was chosen because previous 
work by Stubbs and Sundberg has shown that PMMA can be made to nearly totally mix 
due to being kinetically frozen with the P(St-co-BA) chains.3 Then, the transition from a 
less polar to more polar and softer second stage (for BSP3-52 and 57) was intentional 
such that phase consolidation was more prone to occur. Beginning with BSP3-49, Figure 
4.48, shows the TEM, DSC, and expected morphologies. Table 4.30 contains specific 
parameters which may be used in discussion of the latices in this section. 
Table 4.30: Summary of certain information for experiments BSP3-49, 52, and 57 of this thesis. The 
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Expected Morphologies and Sulfur Distribution 
Equilibrium 
Morphology 
Pure phase p(MMA), contains sulfur 
from 2nd stage KPS 
Mixed phase of p(St-co-BA) with 
p(MMA), contains some sulfur from 2nd 
stage KPS 
Pure phase p(St-co-BA) with no sulfur 
present (VA-086 initiator) 
Figure 4.48: Grouping of stained TEM, DSC, and expected morphologies for BSP3-49. TEM images 
are 1.) non-annealed, 10,000x with 200 nm size bar; 2.) non-annealed, 40,000x with 50 nm size bar; 
3.) 1 hour latex annealed, 20,000x with 100 nm size bar; 4.) 16 hour latex annealed, 20,000x with 100 
nm size bar; and DSC scans show the curves as a function of conversion for the non-annealed (cycle 
1) samples. The latest conversion curve is pointed out on the plot. 
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BSP3-49 was polymerized as a starve fed reaction with a Cp value of 0.6 M. 
While not quite as low as intended, it still represents an adequate starve fed condition. 
The first two images of the TEM results in Figure 4.48 (images 1 and 2) show that the 
particles appeared to form a core-shell morphology. The "apparent" stage ratio is 0.8 to 
1.0, which is about the same as the actual stage ratio (Table 4.30). This aspect may lead 
one to believe that the dark phase material in the TEM images is pure seed polymer, 
however, previous experience with this polymer system would suggest there is significant 
phase mixing between the P(St-co-BA) and PMMA in the dark phase region. As a matter 
of fact, upon thermally annealing these particles in the wet state, phase separation is very 
apparent (Figure 4.48, images 3 and 4). The DSC curves of the non-annealed particles 
confirm that there is phase-mixed material, due to the gradual positive temperature axis 
shift (and consequent negative heat capacity axis shift) of the first peak for each value of 
conversion as shown in Figure 4.48. The most phase mixing is seen at 95% conversion 
(full conversion for this reaction), which is expected since it represents the time at which 
all of the PMMA is incorporated with the seed polymer. 
The BSP3-49 particles seemed to have followed the expected kinetic morphology 
for this latex (as shown in Figure 4.48), with a largely phase-mixed particle inside a thin 
shell of second stage PMMA. The equilibrium core-shell morphology, however, was not 
able to be fully obtained, even with extensive annealing. The driving force for the more 
hydrophilic PMMA to move to the surface and minimize its interfacial tension was 
apparently not strong enough to overcome the diffusional resistance experienced by the 
PMMA chains, and to move them into the shell region of the particle. Also, the 
molecular weight of the second stage chains is well below the limit for having had chain 
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transfer to monomer reaction occur (meaning unrestricted polymer chain diffusion is 
minimized). The charge density of the particles is high, which is expected since the 
second stage PMMA was polymerized with KPS and some of it is found as a shell around 
each particle. Also, a relatively low percentage of the total end groups which formed 
polymer chains are detected on the particle surfaces. This is another indication that 
second stage polymer chains (and thus end groups) reside within the interior of the 
particles. 
It is useful to examine the buildup of a BSP3-49 particle during different stages of 
polymerization in order to more clearly see that chain end anchoring is likely not 
occurring to a significant extent. During the early time of polymerization of BSP3-49, 
the monomer conversion is low (ie: 10%) and incoming PMMA oligomers (which all the 
while continue propagation) can easily diffuse into the soft P(St-co-BA) seed polymer 
chains. The PMMA is mixes with the seed polymer because the PMMA Tg is too high 
(94°C wet and 120°C dry) relative to reaction temperature (TR = 70°C), such that the 
mature PMMA chains are unable to diffuse together to form a critical domain size 
required for phase separation. The shorter chain PMMA, however, is still able to diffuse 
and penetrate the seed polymer and continue propagation. The reason diffusion is 
relatively easy for the shorter second stage polymer chains is because the effective Tg 
(henceforth referred to as Tgeff) of the latex particles is below reaction temperature 
(70°C). When Tgeff < TR, the polymer is relatively less viscous such that diffusion 
through the polymer is possible.59 The Tgeff values for BSP3-49 at various conversions 
are shown in Table 4.31 (assuming full mixing between polymer phases) and were 
calculated using Eq.(4.18) on page 74; also note that details of this calculation are shown 
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in Appendix E. 
Table 4.31: Effective dry Tg values for BSP3-49 at different conversions, assuming full mixing 









For BSP3-49 at 10% conversion, Table 4.31 shows the Tg is calculated to be 
63.6°C. As Tge increases and becomes closer to TR, diffusion of oligomers and chains 
into the particle become increasingly difficult. At a later interval of the overall 
polymerization (ie: 26% conversion for BSP3-49) when Tgeff = 68.6°C, incoming second 
stage chains are still capable of entering the particle and mixing with the seed polymer, 
but do so at a much lower rate of diffusion. Then at the final interval of polymerization 
for BSP3-49 (ie: 75% conversion), when Tgeff = 79.5°C (significantly higher than a 
reaction temperature of 70°C), the incoming second stage chains are forced to remain on 
the particle exterior due to the inability to diffuse into a particle of stiff polymer chains. 
This results in the thin shell of second stage polymer forming around a phase-mixed core. 
Thermally annealing such a particle at a temperature greater than the Tg of the PMMA 
allows stiff chains to relax, resulting in the particle morphology shifting toward its 
equilibrium state. The phase-mixed polymer in the core of the particle phase separates 
and forms domains of second stage polymer within a matrix of seed polymer. Some (or 
all) second stage domains may then ripen via the Ostwald mechanism.60 This can lead to 
large occlusions and/or enlarging the shell phase if there is enough driving force and 
diffusivity to do so. The TEM images of the BSP3-49 particles (Figure 4.48) clearly 
show phase separation into occlusions upon thermal annealing, which is strong evidence 
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of second stage polymer chains (and thus SO4" end groups) fully distributed within the 
latex particles. 
Next, consider the polymerization scheme of BSP3-57, since it is the opposite 
extreme to BSP3-49 in that the dry Tg of the second stage is very low (~ 10°C dry instead 
of 120°C dry). The second stage P(MA-co-BMA) (dry Tg ~ 10°C) is more non-polar than 
PMMA, and therefore is slightly more thermodynamically compatible with the P(St-co-
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Pure phase p(MA-co-BMA), contains 
sulfur from 2nd stage KPS 
Mixed phase of p(St-co-BA) with p(MA-
co-BMA), contains some sulfur from 2nd 
stage KPS 
Pure phase p(St-co-BA) with no sulfur 
present (VA-086 initiator) 
Figure 4.49: Grouping of stained TEM, DSC, and expected morphologies for BSP3-52. TEM images 
are 1.) non-annealed, 10,000x with 200 nm size bar; 2.) non-annealed, 40,000x with 50 nm size bar; 
3.) 1 hour latex annealed, 20,000x with 100 nm size bar; 4.) 10 hour latex annealed, 20,000x with 100 
nm size bar; and DSC scans show the curves as a function of conversion for the non-annealed (cycle 
1) samples. The latest conversion curve is pointed out on the plot. 
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In the case of the polymerization of BSP3-57, the Tge < TR for the entire reaction due to 
the fact that both the first and second stage polymer Tg values are less than 70°C. The 
reaction was also reasonably starve fed (Cp ~ 0.7 M). Table 4.32 shows the Tgeff for 
specific values of conversion (assuming full mixing between phases). 
Table 4.32: Effective dry Tg values for BSP3-57 at different conversions, assuming full mixing 











The Tge decreases significantly throughout the polymerization, which means the relative 
viscosity of the polymer in the particles decreases. This increases the diffusivity of 
chains through the particle, and as is evident in the TEM images (Figure 4.49 1 and 2) by 
the presence of occlusions; the particle phase polymer is never hard enough to prevent the 
second stage polymer from phase separating (and thus mixing). 
As with BSP3-49, a shell of second stage polymer forms around the particle, 
except likely for a different reason. The P(MA-co-BMA) second stage chains are very 
soft, within a mobile phase (Tg < 60°C < TR), and are considerably more hydrophilic than 
the P(St-co-BA) seed polymer. These are good conditions for the particle to approach its 
core-shell equilibrium morphology (shown in Figure 4.49). The DSC curves for BSP3-
57 indicate there is very little phase mixing for these particles, with significant phase 
consolidation. Note that this is vastly different from the very clear mixing seen (for 
BSP3-49) in the DSC curve of Figure 4.48. The TEM images of the wet latex thermal 
annealing show that the occlusions coalesce to form more defined occlusions (Figure 
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4.49 3 and 4), and the thermal annealing in the DSC instrument did not show significant 
difference from the DSC curve in Figure 4.49 (indicating no further phase separation 
occurred). The "apparent" stage ratio from the TEM images is from 0.6 to 1.0, whereas 
the actual stage ratio is 1.0. The "apparent" stage ratio less than 1.0 would be expected 
considering that it is measured excluding any occlusions seen within the "dark phase" of 
the TEM images. Finally, the charge density is of a high magnitude, as expected since 
the second stage polymer was polymerized with KPS and a portion of it resides as a shell 
around the particle. Yet, the percentage of the total SO4" end groups detected on the 
surface of the particle is relatively low (18% detected on the surface, shown in Table 
4.30). This is perhaps strong evidence that the SO4" end groups are not exclusively 
relegated to anchoring to the particle surfaces. 
The last experiment to discuss, BSP3-52, has a similar explanation as described 
for BSP3-57. The major difference between BSP3-52 and 57 is in the properties of the 
second stage polymer. The second stage for BSP3-52 (P(MA-co-MMA) at a dry Tg near 
53°C) is more hydrophilic than either that of BSP3-57 (whose dry Tg was near 10°C) or 
BSP3-49 (whose dry Tg was 120°C). This difference in hydrophilicity means that it is 
more likely to phase separate from a free energy of mixing stand point. More importantly, 
the Tg of the BSP3-52 second stage polymer is between that of the second stages of 
BSP3-49 and 57 (120°C > 53°C > 10°C), but still lower than TR. Because the second 
stage Tg is lower than TR, BSP3-52 should still exhibit phase separation during reaction. 
The TEM results, DSC, and expected morphologies for BSP3-52 are shown in Figure 










Pure phase p(MMA-co-MA), contains 
sulfur from 2n<3 stage KPS 
Mixed phase of p(St-co-BA) with p(MMA-
co-MA), contains some sulfur from 2nd 
stage KPS 
Pure phase p(St-co-BA) with no sulfur 
present (VA-086 initiator) 
Figure 4.50: Grouping of stained TEM, DSC, and expected morphologies for BSP3-57. TEM images 
are 1.) non-annealed, 10,000x with 200 nm size bar; 2.) non-annealed, 40,000x with 50 nm size bar; 
3.) 1 hour latex annealed, 20,000x with 100 nm size bar; 4.) 6 hour latex annealed, 20,000x with 100 
nm size bar; and DSC scans show the curves as a function of conversion for the non-annealed (cycle 
1) samples. The latest conversion curve is pointed out on the plot. 
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Table 4.33: Effective dry Tg values for BSP3-52 at different conversions, assuming full mixing 











The non-annealed TEM images of BSP3-52 (Figure 4.50 1 and 2) are very similar 
to that of BSP3-57 in that there is a thin shell and occlusions of second stage polymer. 
The DSC curve does not provide an indication of the amount of mixing occurring 
because the Tg values of the first and second stage polymers are so close that the DSC 
peaks overlap. As with the two previously described latices (BSP3-49 and 57), the Cp 
value for BSP3-52 was low enough for adequate starve feeding (0.6 M) and the second 
stage molecular weight was well below the limit for chain transfer to monomer. The Tge 
was always below TR (Table 4.33), which may explain why full mixing was apparently 
not able to occur. The second stage polymer chains were always too soft to prevent 
phase separation. And as with BSP3-57, a shell of second stage polymer formed, which 
is likely the result of the particle approaching its equilibrium morphology under the soft 
polymer conditions. The thermally annealed particles of BSP3-52 (Figure 4.50 3 and 4) 
appear a bit different from BSP3-57 only in that the second stage material, which was 
initially a shell around the particle, shifted to a particular side of the particle. However, 
the occlusions in BSP3-52 became more defined upon annealing, which would be 
expected as the domains increase in size (Ostwald ripening) and further approach the 
equilibrium morphology. 
Just like with BSP3-49, there was no large difference in the "apparent" stage ratio 
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(from the TEM images) from the actual stage ratio (Table 4.30), which may be the result 
of measurement error, since clearly there are occlusions of second stage polymer present 
in the dark phase for BSP3-52. And the charge density is again a high magnitude (as 
with BSP3-49 and 57), which is expected because of the shell of second stage~polymer 
initiated by KPS. This in conjunction with the low percentage of SO4" end groups 
calculated to be on the particle surfaces provides further evidence against the concept of 
chain end anchoring. 
Evaluation of Propagation and Termination of Each Polymer Chain Assuming Anchoring 
This section is intended to point out the extreme improbability of chain tethering 
occurring for particular particles used in this work. The analyses performed in this 
section will be both general computations and specific calculations in reference to the 
more interesting BSP3-49, 52, and 57 latex particles. The first concern one may have is 
whether or not the second stage polymer is of high enough molecular weight to indeed 
stretch (or tether) across an entire particle diameter (given that the SO4" end groups 
supposedly anchor to the particle surface). Figure 4.51 shows a basic depiction of this 
stretching. Note that any figures in this section are not drawn to scale unless otherwise 
indicated in the caption of the figure. 
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Figure 4.51: The stretching of a 2" stage polymer chain whose end groups are anchored to the seed 
particle surface. 
The total stretch length (or tethering length) of a polymer chain of a particular molecular 
weight can be determined by Eq.(4.1): 
MW,, Stretch length = — (w) = N2sc(w) 
MW^ 
(4.1) 
where MWisc is the molecular weight of the second stage polymer chain, MWm is the 
molecular of a monomer unit which makes up the second stage chain, w is the length of a 
monomer unit (also known as the Kuhn length, approximated as 0.65 nm for these 
calculations), and JV2sc is the number of monomer units in the second stage polymer chain. 
The possible tethering lengths for BSP3-49, 52, and 57 are displayed in Table 4.34. 
















These second stage polymer chains are indeed long enough to reach from one end of the 
polymer particles to another (particle diameters -250 nm). However, the next 
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consideration to contest the possibility of chain tethering should begin at observation of 
the propagation of the second stage polymer chain from its early stage life. 
Consider a newly formed oligomer (with an SO4" end group) of polymer B 
adsorbs to a seed particle surface (the seed is composed of polymer A), as shown in 
Figure 4.52A and B. 
propagating oligomer 
Figure 4.52: Schematic of an oligomer propagating at the surface of a seed particle. 
The anchored oligomer will propagate, increasing the chain length (Figure 4.52C). This 
propagation will not occur such that a stretched chain of polymer will form; instead the 
chain can be approximated to propagate in a random-walk fashion, resulting in a coiled 
polymer chain of a certain diameter of gyration (Dg).41 In order for these radical 
oligomers (which eventually become polymer chains) to terminate their activity, they 
must come into contact with another radical chain (bimolecular termination). Under the 
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condition of end group anchoring, this can only happen if the two chains overlap each 
other's diameter of gyration. This would require that either one or both chains surface 
diffuse within the vicinity of the other (close enough to overlap Dg dimensions), or that 
an incoming oligomer randomly adsorbs on the surface within the Dg of the other 
adsorbed chain. For clarity, these two mechanisms are depicted in Figure 4.53. 
Surface Diffusion 
Surface Adsorption 
Figure 4.53: Depiction of theoretical mechanisms for bimolecular termination under end group 
anchored conditions. 
The surface adsorption seems unlikely to occur because the incoming SO4" group 
would require a driving force to locate itself relatively close to another SO4" with the 
same charge. Surface diffusion also seems very unlikely given that the second stage 
polymer of a growing chain is dissolved in the host polymer (seed), which means chain 
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entanglements would significantly restrict diffusion. Additionally, the frequency at 
which monomer units add to a chain (pm) is very rapid, and can be estimated by Eq.(4.2): 
Pm = kpCp (4-2) 
where kp is the propagation rate coefficient of the monomer. Calculated pm values, their 
inverses (rra), and values of kp for each polymerization (BSP3-49, 52, and 57) are 
displayed in Table 4.35. 
Table 4.35: kp,pm, and rm values for BSP3-49, 52, and 57. cp values to calculatepm were obtained 



















As seen from Table 4.35, a chain can propagate to around 1,000 units within 10" 
seconds, which means that the critical chain length for entanglement of the polymer chain 
is quickly achieved.62 These points, coupled with the fact that there is no apparent 
driving force for surface diffusion, diminish the likelihood of the mechanisms displayed 
in Figure 4.53. Further, if indeed the bimolecular termination were to occur by surface 
diffusion and/or adsorption, the ability of the chain ends to diffuse to opposite sides of the 
particle (or such a vicinity) seems impossible. Not to mention the fact there there would 
still be no apparent mechanism for which the polymer chains would stretch across a large 
(ie: 250 nm) particle. 
To further explicate the inability of a tethered second stage polymer chain to 
reach the interior of particle (ie: as occlusions and/or mixed polymer), consider the 
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relative sizes of the second stage chain Dg value and the particle diameter. The diameter 
of gyration of a full-sized second stage polymer chain would not be large enough to reach 
the interior of large particles. The Dg value is simply twice the radius of gyration 
(Eq.(4.2), page 109), and is displayed in Table 4.36 for BSP3-49, 52, and 57 as calculated 
from the second stage chain number average molecular weights. 













The average Dg for BSP3-49, 52, and 57 is about 30 nm, which is not nearly large enough 
to reach the interior of these particles which are around 250 nm in diameter. Figure 4.54 
shows a representation of a 30 nm Dg value in comparison with a very large and very 
small seed particle. 
30 nm 
B 
Figure 4.54: Scaled depiction of a surface anchored second stage polymer chain of Dg = 30 nm in 
comparison to a A.) 250 nm seed particle and B.) 50 nm seed particle. Note the depiction of the S04 
end groups are not drawn to scale. 
30 nm 
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Clearly, a particle as small as 50 nm (Figure 4.54B) would be adequate for the second 
stage polymer chains (of a Dg = 30 nm) to reach the particle interior. However, the 
experiments performed in this work (BSP3-49, 52, and 57), which are modeled in Figure 
4.54A, do not have second stage chains large enough to reach the interior of the seed 
particles under the assumption that the SO4" end groups remained anchored to the particle 
surface. This is strong evidence against chain end anchoring considering that TEM 
images of BSP3-49, 52, and 57 (page 181) do indeed show second stage polymer far 
inside the domain of the first stage polymer. 
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CHAPTER 5 
CONCLUSIONS AND RECOMMENDATIONS 
Conclusions 
This work has strongly suggested that hydrophilic initiator end groups (e.g. S04") 
are able to penetrate a polymer particle during polymerization under certain conditions. 
This is a bold statement because many scholars in the field of emulsion polymerization 
generally believe that these end groups anchor to the surfaces of latex particles. The 
analytical results for the latices prepared in this work, coupled with mathematical 
treatments on similar systems, collectively form a detailed picture of the evolution of 
phase structure in latex particles from which certain conclusions may be inferred. 
The entry of oligomers into latex particles was studied, with both thermodynamic 
considerations and a variety of simple experiments. The thermodynamic modeling 
showed that indeed oligomers undergo a dynamic lifestyle, with initial solubility in the 
water phase, followed by solubility in the polymer particle phase, and ultimately 
insolubility in the host polymer phase (phase separation). The solubility experiments 
backed up part of this concept by the ability to observe short-chain solubility and 
insolubility for differing chain lengths of polystyrene oligomers. This preliminary study 
of solubility formed a suitable starting point for investigating end group entry, since it is 
obvious that end group entry would not be possible without chain solubility in the host 
polymer. 
A thorough thermodynamic study of polymer chain anchoring (through a 
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tethering mechanism) versus end group entry (through combining ions) was performed in 
this work. The results indeed suggested there are certain conditions under which end 
group entry into the particle is energetically favorable to anchoring to the surface. In 
order for a charged end group to enter a particle, it would require combination with an 
aqueous phase counter-ion (i.e.: Na+, K+, H+), which is taken into account in the 
calculations. This thermodynamic study was used as a guideline for developing the 
polymer latices used in an attempt to map the location of the chain end groups within the 
particles. 
The first set of eight latex experiments (BSP3-24 to BSP3-32) were intended to be 
used to ensure the TEM elemental mapping analysis was feasible in clearly showing 
where sulfur and its associated oxygen atoms were located within latex particles. These 
latices were well characterized with a plethora of techniques, which provide confidence 
in the morphology of the particles. This strong evidence of the morphologies coupled 
with the selective use of initiators (KPS and VA-086) for the first and second stage 
polymerizations lends credibility to the expected locality of the sulfur and oxygen atoms 
within a microtomed slice of the latex particles. However, the TEM based elemental 
mapping results (performed by colleague Professor Fernando Galembeck at the State 
University of Campinas in Brazil) proved to be inconclusive due to the fact that sulfur 
and oxygen appeared in the interior of all particles, regardless of which latex system was 
observed. Even in performing the same mapping technique on a physical blend of 
polystyrene (with VA-086 initiator) and poly(MMA) (with KPS initiator) particles, the 
sulfur was detected in the PSt particles that contained no sulfur, but not detected in the 
PMMA particles that did contain sulfur. This was an additional indication that the 
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elemental mapping results are unfortunately non-definitive at this point in time. Ongoing 
investigations are taking place. 
Three composite latex experiments (BSP3-49, BSP3-52, BSP3-57) were designed 
such that the first stage polymer (polymerized with VA-086 initiator) would exhibit 
varying degrees of mixing with the second stage polymer (polymerized with KPS 
initiator). This was intended to provide strong evidence of end group entry into particles, 
and the manipulation of the initiators among the first and second stage would allow for 
elemental mapping to show that indeed sulfur atoms are seen throughout the particles. 
Unfortunately, the mapping data for these samples appear very similar to the results of 
the first eight experiments (even in cases where there should be no similarities), which 
impedes any definitive conclusion about the location of the end groups. The results from 
CHDF and SEM indicate these particles were spherical and of very narrow size 
distributions. The DSC and stained TEM images show clear evidence of extensive 
mixing in some cases and phase separation of varying degrees in other cases. In order for 
the second stage chains to mix within the interior of the particles it is a requirement that 
the SO4" end groups of this second stage polymer must also enter the particles, especially 
considering that GPC data indicates the second stage polymer chains are well below the 
limit for chain transfer to monomer. Additionally, the diameter of gyration values for the 
second stage polymer of these particles are much too small (relative to the particle sizes) 
to support chain-end anchoring and extensive polymer mixing simultaneously. Finally, 
the SO4" end group titration results indicate that significantly less than 50% of the total 
number of SO4" end groups which comprise all polymer chain in the experiments are 
located on the particle surfaces. BSP3-49, 52, and 57 provide ample evidence to bolster 
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the hypothesis of the SCV end groups combining with a counter-ion and entering the 
latex particles during polymerization. 
Recommendations 
The solubility studies of this work were quite interesting in that they exhibited 
dramatic changes in solubility for relatively minor changes in polystyrene chain length. 
Expansion of this concept could be considered for the case of dissolution of the low-to-
high chain length polystyrene "oligomers" in high molecular weight polymers (instead of 
the low molecular weight solvents used in this work). The oligomers should be soluble in 
the polymer medium up to a certain point where phase separation would occur (assuming 
the oligomer is a different polymer than that of the polymer medium). This type of 
experiment has been attempted (although not presented in this work) by dissolution of the 
oligomer and polymer in a common solvent, followed by casting the mixture onto a glass 
slide as a film. This casting technique needs further development, as there were some 
problems with the clarity of the samples, however if done properly, an optical and/or 
electron microscope could be used to observe potential phase separation within the film. 
In regards to the polymerization for this study, it would be ideal to use a 
surfactant which does not contain sulfur (for elemental mapping purposes). Past 
experiments using a non-ionic surfactant (Igepal CO-890) have proven unsuccessful due 
to colloidal stability problems for the desired conditions in this project. A non-sulfur 
containing surfactant may be helpful to minimize the presence of sulfur from sources 
other than the KPS initiator. Additionally, the method used for cleaning the latices in this 
work was somewhat difficult due to destabilization of the latex under the forces of 
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centrifugation. Initially, a dialysis system was being used for latex cleaning, but the 
process required too much time to be plausible in the scheme of this project. Normally, 
an ion-exchange resin would be used to clean latex of the surfactant and excess initiator 
in the water, but this was not feasible for this work because the VA-086 is a non-ionic 
compound and does not provide for any colloidal stability by itself. Development of an 
efficient method of cleaning would be beneficial for maintaining the stability of the 
latices. 
Finally, performing a thorough investigation of the reason behind the failed 
results of the elemental mapping technique obtained for this project is a strong 
recommendation. The mapping results obtained to date provided no apparent value to 
this project because of the contradiction of the maps with the morphological features 
deciphered from DSC, stained TEM, and end group titrations. This is puzzling because 
there is significant evidence available which shows very elegant elemental mapping 
9Q If) 'X 1 
results for polymeric particles. ' ' Unfortunately, the timing of this project coupled 
with the long-distance nature of sending samples overseas for analysis did not cater to a 
thorough investigation of the reasons why the mapping results appear as they do. As 
such, an exhaustive exploration of this sparsely used technique may help to illuminate 
ideal conditions for sample analysis. 
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Conversion, Rp, and Cp Profiles with Simulated 
Comparisons and Predicted Morphologies 
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Figure A-l: (a.) Experimental Conversion vs. Time profile, (b.) experimental cp and Rp vs. 
Conversion profile^ and (c.) simulated cp and Rp vs. Conversion profile for BSP3-24. 
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Figure A-2: (a.) Predicted morphology and (b.) radial distribution of second stage polymer for 
BSP3-24 obtained by use of Kmorph 5.1. Gray color represents second stage polymer and white 
color within the circle represents seed polymer. r/R = 0 at the particle center and r/R = 1 at the 
particle surface. 
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Figure A-3: (a.) Experimental Conversion vs. Time profile, (b.) experimental cp and Rp vs. 
Conversion profile, and (c.) simulated cp and Rp vs. Conversion profile for BSP3-25. 
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Figure A-4: (a.) Predicted morphology and (b.) radial distribution of second stage polymer for 
BSP3-25 obtained by use of Kmorph 5.1. Gray color represents second stage polymer and white 
color within the circle represents seed polymer. r/R = 0 at the particle center and r/R = 1 at the 
particle surface. 
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Figure A-6: (a.) Predicted morphology and (b.) radial distribution of second stage polymer for 
BSP3-27 obtained by use of Kmorph 5.1. Gray color represents second stage polymer and white 
color within the circle represents seed polymer. r/R = 0 at the particle center and r/R = 1 at the 
particle surface. 
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Figure A-8: (a.) Predicted morphology and (b.) radial distribution of second stage polymer for 
BSP3-28 obtained by use of Kmorph 5.1. Gray color represents second stage polymer and white 
color within the circle represents seed polymer. r/R = 0 at the particle center and r/R = 1 at the 
particle surface. 
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Figure A-10: (a.) Predicted morphology and (b.) radial distribution of second stage polymer for 
BSP3-29 obtained by use of Kmorph 5.1. Gray color represents second stage polymer and white 
color within the circle represents seed polymer. r/R = 0 at the particle center and r/R = 1 at the 
particle surface. 
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Figure A-l l : (a.) Experimental Conversion vs. Time profile, (b.) experimental cp and Rp vs. 
Conversion profile, and (c.) simulated cp and Rp vs. Conversion profile for BSP3-30. 
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Figure A-12: (a.) Predicted morphology and (b.) radial distribution of second stage polymer for 
BSP3-30 obtained by use of Kmorph 5.1. Gray color represents second stage polymer and white 
color within the circle represents seed polymer. r/R = 0 at the particle center and r/R = 1 at the 
particle surface. 
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Figure A-13: (a.) Experimental Conversion vs. Time profile, (b.) experimental cp and Rp vs. 
Conversion profile, and (c.) simulated cp and Rp vs. Conversion profile for BSP3-31. 
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Figure A-14: (a.) Predicted morphology and (b.) radial distribution of second stage polymer for 
BSP3-31 obtained by use of Kmorph 5.1. Gray color represents second stage polymer and white 
color within the circle represents seed polymer. r/R = 0 at the particle center and r/R = 1 at the 
particle surface. 
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Figure A-15: (a.) Experimental Conversion vs. Time profile, (b.) experimental cp and Rp vs. 
Conversion profile, and (c.) simulated cp and Rp vs. Conversion profile for BSP3-32. 
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Figure A-16: (a.) Predicted morphology and (b.) radial distribution of second stage polymer for 
BSP3-32 obtained by use of Kmorph 5.1. Gray color represents second stage polymer and white 
color within the circle represents seed polymer. r/R = 0 at the particle center and r/R = 1 at the 
particle surface. 
227 
Conversion Vs. Time 
BSP3-49 
-fraction monomer fed 
- fractional conversion 
200 250 300 
a 














Rate of Polymerisation (raol/ l /s) Monomer Concentration in p a r t i c l e s (mol/1) 
0.10 0.20 0 30 0 40 0 50 0.S0 
Conversion 
0.90 1.00 
Figure A-17: (a.) Experimental Conversion vs. Time profile, (b.) experimental cp and Rp vs. 
Conversion profile, and (c.) simulated cp and Rp vs. Conversion profile for BSP3-49. 
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Figure A-18: (a.) Experimental Conversion vs. Time profile, (b.) experimental cp and Rp vs. 
Conversion profile, and (c.) simulated cp and Rp vs. Conversion profile for BSP3-52. 
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Figure A-19: (a.) Experimental Conversion vs. Time profile, (b.) experimental cp and Rp vs. 
Conversion profile, and (c.) simulated cp and Rp vs. Conversion profile for BSP3-57. 
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APPENDIX B 
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Figure B-l: RI and UV calibration curves (respective) used for GPC analysis. 
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Figure B-2: Molecular weight distribution for BSP3-16 seed latex. 
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Figure B-10: Molecular GPC signal subtraction and molecular weight distribution for BSP3-31 
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Figure B-ll : GPC signal subtraction and molecular weight distribution for BSP3-32 second stage 
polymer. 
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Figure B-15: GPC signal subtraction and molecular weight distribution for BSP3-57 second stage 
polymer. 
APPENDIX C 
Capillary Hydrodynamic Fractionation Data 
246 
Raw data- A4BSP3-1.FRM 
- = S3 c y •zx 35 *=3 TO ztr~ 















Particle See (nMI 
















4 _ _ 
I 
• 
1 J , i 
1 I 1 
1 ; f 
i . J . . . . [ . . 
1, j — _ 1 _ _ 
—~ — 
. . .J 
1 1 ' •. 
! i ! ' : 
— 
: I 
Particle See (M) 
Particle Sge(nM) 
A4BSP3-1.FRH: Si2e unics: nil Operator Name: tsavalas Run: 02/09/09 14:27:17 
Cartridge: ttavelen: 220 Flow Race: 2.30 
PSI Cond'c. pH Kir,. Tap Col.Tiap WaveLen 
Scare Run: 1186.0 248.00 11.47 23.30 35.00 220.00 
End Run: 4186.0 248.00 11.47 23.30 35.50 
HechodfUV Absorb wich decon Feb-2006] AbsorbUV{Yl Deconvolve[Yl Visif.69) Marker ciBet 
Comments: 
Median 754 Has 
91,7 100.9 93.2 










9 2 . 5 
9 6 . 8 
SndSize 
137.6 
Peak Area [16199 .1 ] 












9 7 . 105.6 97.8 12.2 
HujaArea* AreaArea* Weio^cAreal 
100.0 100.0 100.0 
a!6246.9 ] P/H R a t i o t 2 . S 9 3 ] 
26 .1 
AvgArea AvgTJeight 
94.2 9 5 . 8 
Figure C-l: CHDF raw data, weight distribution, number distribution, and numerical analysis for 
BSP3-16. The mean diameter by volume is used and corrected according to the factor from the 
standard measurement shown in Figure C-15. Corrected diameter = 92.5*1.027 = 95 nm. 
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Figure C-2: CHDF raw data, weight distribution, number distribution, and numerical analysis for 
BSP3-17. The mean diameter by volume is used and corrected according to the factor from the 
standard measurement shown in Figure C-16. Corrected diameter = 96.5*1.092 = 105 nm. 



















70 I ^  
sS 40 
30 
Particle Size (nWI 
Humberdata- CBSP3^1.f8M 
w C3 
Particle See (nleO 
Particle Size fnM) 
CBSP3--1.7RM: Size units: nM Operator Hame: tsavaias Run: 02/24/09 12:28:18 
Cartridge: tfavelen: 220 Flow Rate: 2.80 
PSI Cond't. pH Sit.Tap Col.Tap HaveLen 
Start Run: 4152.0 248.00 11.47 23.30 3S.50 220.00 
End Run: 3830.0 248.00 11.4? 23.30 3S.00 
Hethod{UV Absorb vith dacon Feb-20061 AbsorbUVIY] Deconvolve[Y] Vial 164] Barker tiae t 
Comments: 
Hedian 75% Hax 
129.6 143.7 124.S 





























138.3 151.1 147.4 






















I P/H Ratio[2.066 I 
Figure C-3: CHDF raw data, weight distribution, number distribution, and numerical analysis for 
BSP3-24. The mean diameter by volume is used and corrected according to the factor from the 
standard measurement shown in Figure C-17. Corrected diameter = 128.9*1.145 = 148 nm. 
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Figure C-4: CHDF raw data, weight distribution, number distribution, and numerical analysis for 
BSP3-25. The mean diameter by volume is used and corrected according to the factor from the 
standard measurement shown in Figure C-18. Corrected diameter = 137.1*1.102 = 151 nm. 
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Figure C-5: CHDF raw data, weight distribution, number distribution, and numerical analysis for 
BSP3-27. The mean diameter by volume is used and corrected according to the factor from the 
standard measurement shown in Figure C-17. Corrected diameter = 161.4*1.145 = 185 nm. 
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Figure C-6: CHDF raw data, weight distribution, number distribution, and numerical analysis for 
BSP3-28. The mean diameter by volume is used and corrected according to the factor from the 
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Figure C-7: CHDF raw data, weight distribution, number distribution, and numerical analysis for 
BSP3-29. The mean diameter by volume is used and corrected according to the factor from the 
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Figure C-8: CHDF raw data, weight distribution, number distribution, and numerical analysis for 
BSP3-30. The mean diameter by volume is used and corrected according to the factor from the 
standard measurement shown in Figure C-19. Corrected diameter = 118.4*1.115 = 132 nm. 
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Figure C-9: CHDF raw data, weight distribution, number distribution, and numerical analysis for 
BSP3-31. The mean diameter by volume is used and corrected according to the factor from the 
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Figure C-10: CHDF raw data, weight distribution, number distribution, and numerical analysis for 
BSP3-32. The mean diameter by volume is used and corrected according to the factor from the 
standard measurement shown in Figure C-20. Corrected diameter = 139.9*1.085 = 152 nm. 
256 
Rae data- KBSP3-1.FRM 
Lstfj -^^i/U^ 
^ 3 z z r -
Time (Min.) 










Particle See (M) 
Number data • KBSP3--1.FRM 
- 1 - " 
Particle See (nM) 
Particle Size (nM) 
KB3P3—1.FRJ.I : S i z e u n i t s : n i l O p e r a t o r B a s e : t s a v a l a s Run : 0 4 / 0 2 / 0 9 1 7 : 5 5 : 5 8 
C a r t r i d g e : W a v e l e n : 2 2 0 F l o w R a t e : 2 . 8 0 
P S I C o n d ' t . pH E l t . T m p C o l . T a p SJaveLen 
S t a r t Run : 4 1 4 0 . 0 2 4 8 . 0 0 1 1 . 4 ? 2 3 . 3 0 3 S . 1 0 2 2 0 . 0 0 
End Run: 4 2 7 2 . 0 2 4 8 . 0 0 1 1 . 4 7 2 3 . 3 0 3 S . 1 0 
H e t h o d l U V A b s o r b w i t h d e c o n F e b - 2 0 0 6 ] Abso rbUVIYJ D e c o n v o l v e t Y 3 v i a l ( 2 8 ] M a r k e r t i a e l ; 
C o e u i e n t s : 
M e d i a n 7 5 s 
1 6 7 . 3 1 7 3 . 2 
1 6 7 . 3 1 7 3 . 2 
By Huiober 
By A r e a 
By V o l 
By JiTeight 
a r t S i z e 
1 3 0 . 7 
[ l e a n 
1 6 5 . 6 
1 6 6 . 4 
1 6 6 . 0 
1 6 6 . 3 
E n d S i z e 
2 0 0 . 0 
2E» 
1 6 1 . 5 
1 6 1 . S 
1 6 3 . 5 
P e a k 
1 6 7 . 3 
Hax 
1 6 5 . 4 
1 6 7 . 3 
S e d . D e v 
8 . 3 
8 . 2 
FUHK 
1 7 . 5 
1 7 . 5 
1 6 7 . 3 1 7 3 . 2 1 6 7 . 3 8 . 1 
H u t t A r e a t A r e a A r e a i W e i g h t A r e a * 
1 0 0 . 0 1 0 0 . 0 1 0 0 . 0 
P e a k A r e a U 4 2 D 5 . 9 ) M a r k e r A r e a [ S 1 5 7 . 3 ] P / H R a t i o [ 2 . ? 5 S ] 
1 5 . 6 
Avg-Area A v g H e i g h t 
1 6 6 . 4 1 6 6 . 8 
Figure C-l l : CHDF raw data, weight distribution, number distribution, and numerical analysis for 
BSP3-42. The mean diameter by volume is used and corrected according to the factor from the 
standard measurement shown in Figure C-21. Corrected diameter = 166.0*1.129 = 187 nm. 
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Particle See (nM) 
Particle See fnM) 
L2BSP3-1.FRH: Size units: nit Operator Name: tsavalas Run: 04/02/09 17:08:42 
Cartridge: Wavelen: 220 Flou Rate: 2.80 
PSI Cond't. pH Elt.Tmp Col.Top WaveLen 
Start Run: 4080.0 248.00 11.47 23.30 3E.00 220.00 
End Run: 4020.0 248.00 11.47 23.30 3S. 10 


















Peak Area[S701.3 J 










S td . Dev 
9 . 0 
8 . 9 
FBHH 
1 8 . 2 
1 8 . 2 
221.7 228.6 221.7 8.8 
MumArea* AreaAreaS ¥eightArea% 
100.0 100.0 100.0 




Figure C-12: CHDF raw data, weight distribution, number distribution, and numerical analysis for 
BSP3-49. The mean diameter by volume is used and corrected according to the factor from the 
standard measurement shown in Figure C-21. Corrected diameter = 219.5*1.129 = 248 nm. 
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Ran data- MBSP3-1.FRM 
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Particle See (nMl 
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Particle See (nM) 
Particle Size (nM) 
HBSP3—l.FRM: S i se u n i t s : nil Operator Maine: t s a v a l a s Run: 04/0S/09 18:17:45 
C a r t r i d g e : Wavelen: 220 Flow Rate : 2.80 
PSI Cond ' t . pH S i t . T a p Col.Tup WaveLen 
S t a r t Run: 4128.0 248.00 11 .4? 23 .30 34 .70 220.00 
Snd Run: 3968.0 243.00 11.4? 23.30 3S.10 
Hethod[OT Absorb wi th decon Feb-2006] AbsorbWITl D e c o n v o l v e ^ ! V i a l ( £ 2 ] Marker t ime t 
Conaaents: 
Median 75% Max 
22S.4 232.2 223 .1 


























22S.4 234.S 225.4 10.4 
JJuaAreaS AresAres% WeightAreaS 
100.0 100.0 100.0 
Peak Area[11920.7 ] Marker Area[4937.9 ! P/lt Ra t io [2 .414 I 
AvgArea AvgUeighc 
224 .3 224.8 
Figure C-13: CHDF raw data, weight distribution, number distribution, and numerical analysis for 
BSP3-52. The mean diameter by volume is used and corrected according to the factor from the 
standard measurement shown in Figure C-22. Corrected diameter = 223.8*1.074 = 240 nm. 
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Rw data- N28SP3-1.FRM 
Time (Min.) 
Weight o^eiUid data - N2BSP3-1.FRM Dii. Cam 
100 
azp.ii: 
Particle See fnMl 
Number data- H2BSP3-1.FRM 
Particle See (nbft 
Particle Size (nM) 
N2BSP3-1.FRH: Size units: nil Operator Name; tsavalas Run; 04/19/03 14:27:53 
Cartridge: Havelen: 220 Flow Rate: 2.80 
PSI Cond't. pH Elt.Tap Col.Tmp UaveLen 
Start Run: 4156.0 24S.00 11.47 23.30 35.30, 220.00 
End Run: 398-1.0 246.00 11.47 23.30 35.10 
Method tUV Absorb with decort Feb-20063 AbsorbUVtY] Deconvolve{YI Vialll61 Harker time! 
Comments: 
Hcdism 7S* Max 
231.3 238.1 229.0 
231.3 238.1 231.3 
By Mujaher 
By A r e a 
By V o l 
By h e i g h t . 
S c a r c S i z e 
1 9 2 . 7 
P e a k A r e a [ 6 
U e a n 
2 2 9 . 6 
2 3 0 . S 
2 3 0 . 0 
2 3 0 . 9 
E n d S i z e 
2 6 9 . 2 
J 9 1 . 7 1 
2 5 i 
2 2 4 . S 
2 2 4 . S 
2 2 4 . S 
P e a k 
2 3 1 . 3 
M a r k e r Ar 
S c d . Dev 
1 0 . 0 
FUHH 
2 2 . S 
2 2 . 6 
2 3 1 . 3 2 3 8 . 1 2 3 1 . 3 1 0 . 0 
NumArea% A r e a A r e s % tteightArea* 
1 0 0 . 0 1 0 0 . 0 1 0 0 . 0 
i a [ S 9 ? 6 . 1 1 P /H R a t i o n . 4 8 8 ] 
A v g A r e a A v g W e i g h t 
2 3 0 . S 2 3 0 . 9 
Figure C-14: CHDF raw data, weight distribution, number distribution, and numerical analysis for 
BSP3-57. The mean diameter by volume is used and corrected according to the factor from the 
standard measurement shown in Figure C-23. Corrected diameter = 230.0*1.108 = 255 nm. 
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Raw data A83HHS-1.FRM 
Time (Min.) 





Particle See (M) 
















A 8 3 i m S ~ l . F E H 
C a r t r i d g e : 
S c a r e Run : 
End Run: 
l t e c h o d [ U V At. 
Comment: s : 
By N i u a b e r : 
By A r e a : 
By V o l : 
By h e i g h t : 
S t a r c S i s e 
6 1 . 2 
: S i z e ui 
U a v e l e n : 
P S I 
4 2 1 2 . 0 
3 9 9 0 . 0 
s o r b w i t h 
I l e a n 
8 0 . S 
8 1 . 1 
8 0 . 8 
8 1 . 4 
E n d S i z e 
1 0 1 . 6 
n i c s : nH 
Particle See (nM) 
Particle See (nM) 
O p e r a t o r N a a e : c s a v a l a s Run : 0 2 / 0 9 / 0 9 1 3 : 3 4 : 4 7 
2 2 0 F l o w R a c e : 
C o n d ' t . 
2 4 3 . O Q 
2 4 8 . 0 0 
pK 
1 1 . 4 7 
1 1 . 4 7 
d e c o n F e b - 2 0 0 6 ) 
2 S * 
7 7 . 6 
7 9 . 1 
7 9 . 1 
RoaJ* 
8 0 . 5 
M e d i a n 
8 2 . 0 
8 2 . 0 
8 2 . 0 
2 . 8 0 
E l c . t D p C o l . T a p WaveLen 
2 3 . 3 0 3 4 . 7 0 2 2 0 . 0 0 
2 3 . 3 0 3 4 . 9 0 
A b r a z b U V I Y ] D e c o n v o l v e m 
7S» H a s S t d . D e v 
8 4 . 9 8 0 . 5 4 . 8 
8 4 . 9 8 0 . £ 4 . 8 
8 4 . 9 8 2 . 0 4 . 7 
NuioAreaS A r a a A r e a % fteighcAreat 
1 0 0 
P e a k A r » a [ 1 3 4 7 S . 4 1 l l a r k e r A r e a [ 6 0 9 9 . 
.O 1 0 0 . 0 1 O 0 . 0 
9 ] P/H R a t i o [ 2 . 2 0 9 ] 
V i a l t l t H a r k e r c i m e U 
FKHH 
8 . 7 
1 0 . 1 
1 0 . 1 
A v g A r e a A v g W e i g h c 
8 1 . 1 8 1 . 4 
Figure C-15: CHDF raw data, weight distribution, number distribution, and numerical analysis for 
an 83 nm standard. The mean diameter by volume is used with the standard value to obtain a 
correction factor: 83 / 80.8 = 1.027. This correction factor is used for BSP3-16 shown in Figure C-l. 
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Time (Mb.) 









Particle See (nM) 












Particle Size (nM) 
Particle See fnM) 
B83WIIS~1. FRH: Size units: nM Operator Mame: tsavalas Run: 02/12/09 14:07:40 
Cartridge: Mavelen: 220 Flow Rate: 2.80 
Elt.Tap Col.Tap WaveLen 
23.30 35.70 220-00 
23.30 35.10 
AbsorbUVIYJ Deconvolve^] VialUI Harker timed 
PSI Cond't. pH 
Start Run: 4ZZ6.0 243.00 11-47 
End Run: 4096.0 243.00 11.47 



















.6 74.3 77.1 81.S 77.1 4.9 
se Peak NumArea* AreaArea* BeightArea* 
5S.3 98.1 75.7 100.0 100.0 100.0 







Figure C-16: CHDF raw data, weight distribution, number distribution, and numerical analysis for 
an 83 nm standard. The mean diameter by volume is used with the standard value to obtain a 














. . . i_ ^ . , . 4 
^ l ; ^ ^ I'WAJV 
ds =* ra C3 ^ en oi ==3 co sxr-
Time (Min.) 
Wciahl overlaid data - C132NU-1,fRM Pitf. Cum. 
90 
Particle Size (M) 




C a r t r i d g e : 
S t a r t Run: 
End Run: 
Particle See (oU) 
Particle Size (nM) 
Size u n i t s : nil Operator Name: t s a v a l a s Hun: 02 /24 /09 
Uavelen: 
P S I 
4120.0 
4066.0 










I I S . 7 




220 Flou Rate : 








2 . 8 0 
E l t . T m p C o l . T a p W a v e t e n 
2 3 . 3 0 3 S . 4 0 2 2 0 . 0 0 
2 3 . 3 0 3 5 . 4 0 
A b s o r b U V I Y l D e c o n v o l v e I Y t 
7 S t Max S c d . Dev 
1 2 0 . 0 1 1 S . 0 6 . 1 
1 2 0 . 0 1 1 S . 0 6 . 2 
1 2 1 . 7 1 1 S . 0 6 . 2 
Peak MumAreaS AreaArea* tfeightArea* 
11S.0 100 
Peak Area(7962.9 1 Marker AreatS634. 
. 0 1 0 0 . 0 1 0 0 . 0 
2 ] P/M R a t i o t l . 4 1 3 1 
V i a l i 2 
FBHH 
1 3 . 2 
1 3 . 2 
1 4 . 8 
AvcfArea 
I I S . 7 
1 1 : S 6 : 4 4 
B a r k e r t i m e [ J 
A v g t l e i g h t 
1 1 6 . 0 
Figure C-17: CHDF raw data, weight distribution, number distribution, and numerical analysis for 
an 132 nm standard. The mean diameter by volume is used with the standard value to obtain a 
correction factor: 132 /115.3 = 1.145. This correction factor is used for BSP3-24,27, and 28 shown 
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O CD 












Particle See (nM) 
Particle See (nM) 
D132NH-1.FBH: Size units: nM Operator Heme: tsavalas Run: 02/25/09 10:30:37 
Cartridge: Uaveien: 
PSI 
Start Run: 4OS0.0 
End Run: 4180.0 




Method[UV Absorb with decon Feb-2006 
Comments: 
Mean 25( 
By Uuabsr: 119-S 117.3 
By Area: 120.1 117.3 
By Vol: 113.8 




Elt.Tap Col.Tmp WaveLen 
23.30 34.90 220.00 
23.30 3S.80 
AbsorbUV[Y) Deconvolve(Yl Vial[2] Harker tiaelJ 
Median 75$ Max 
120.6 124.0 118.9 




5.7 117.3 120.6 125.7 120.6 
Peak NuaAreal AreaArea% WeightArea* 







Peak Area|19136.S ] Marker Area!4520.5 I P/M Ratio[4.233 I 
Figure C-18: CHDF raw data, weight distribution, number distribution, and numerical analysis for 
an 132 nm standard. The mean diameter by volume is used with the standard value to obtain a 
correction factor: 132 /119.8 = 1.102. This correction factor is used for BSP3-25 shown in Figure 
C-4. 
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Raw d3la - G132NM-1.fRM 
Time (Mm.) 
Weightoveiteid data- G132HM-1.FRM OB. Cum. 
Particle See tnUS) 




C a r t r i d g e : 








S c a r t S i z e 
94 .8 
Particle See (nM) 
Particle See (nM) 
Size u n i t s : nil Operator Haas: c s a v a l a s Run: 02 /27/09 12:11:09 
Havelen: 
P S I 
4244.0 
3966.0 








220 Plow Rate : 








2 . 8 0 
E l t . T t a p C o l . T m p WaveLen 
2 3 . 3 0 3 4 . 8 0 2 2 0 . 0 0 
2 3 . 3 0 3 5 . 2 0 
A b s o r b U V l Y l D e c o n v o l v e I Y J 
75% Max S t d . D e v 
1 2 2 . 4 1 1 7 . 4 5 . 8 
1 2 4 . 2 1 1 9 . 0 5 . 8 
1 2 4 . 2 1 1 9 . 0 5 . 8 
Peak HumAreat AreaAreaS WeightAreaft 
119.0 100 
Peak Area!23112.3 1 Marker Area[5967. 
. 0 1 0 0 . 0 1 0 0 . 0 
6 J P /H R a t i o I 3 . 8 7 3 1 
V i a l l Z l M a r k e r t i n e [ J 
FlIHH 
1 1 . 8 
1 1 . 8 
1 3 . 5 
A v g A r e a A v g S J e i g h t 
1 1 8 . 7 1 1 8 . 9 
Figure C-19: CHDF raw data, weight distribution, number distribution, and numerical analysis for 
an 132 nm standard. The mean diameter by volume is used with the standard value to obtain a 
correction factor: 132 /118.4 = 1.115. This correction factor is used for BSP3-29 and BSP3-30 
shown in Figures C-7 and C-8. 
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Particle Size (nM) 
Particle See f n M 
I132NU~i.FRH: S ize u n i t s : nH Operator Name: t s a v a l a s Rim: 03 /03/09 17:02:19 
C a r t r i d g e : Waveleu: 220 Flow Kate: 2 .80 
PSI Cond ' t . pH Elt-.Ttop Col.Tap HaveLen 
S t a r e Run: 4316.0 248.00 11.4? 23 .30 34.30 220.00 
End Run: 4062.0 243.00 11.47 23.30 35.60 

































HuaAreai AreaArea% UeightAxea* 
100.0 100.0 100.0 
Peak Area(14333.8 ] Harker Area[S132_2 1 P/H Raciof2.793 1 
13 . S 
AvgArea Avg¥eigtr& 
122.0 122 .3 
Figure C-20: CHDF raw data, weight distribution, number distribution, and numerical analysis for 
an 132 nm standard. The mean diameter by volume is used with the standard value to obtain a 
correction factor: 132 /121.7 = 1.085. This correction factor is used for BSP3-31 and BSP3-32 
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Particle SeefnW 
Particle Size fnM) 
K132WM-1.FRH: Size unics: nil Operator Name: tsavalas Run: 04/02/09 17:40:14 
Cartridge: Wavelen: 220 Plow Rate: 2.80 
PSI Cond't. pH Bit.Tap Col.Tmp UaveLen 
Start Run: 4262.0 248.00 11.47 23.30 35.70 220.00 
End Run: 4172.0 248.00 11.47 23.30 36.20 

































117.8 122.8 117.8 S.6 
NumArea* AreaArea* BeightArea% 
100.0 100.0 100.0 




Figure C-21: CHDF raw data, weight distribution, number distribution, and numerical analysis for 
an 132 nm standard. The mean diameter by volume is used with the standard value to obtain a 
correction factor: 132 /116.9 = 1.129. This correction factor is used for BSP3-42 and BSP3-49 
shown in Figures C-ll and C-12. 
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Rati data- M132HM-1.F8M 
•i — f >-. 
•'^il^^^^^P^ 
_ + 4 ; ; . _ 
- = » K3 C3 3= OS S5 * q 00 QT 
VfQjif^lp(\i 
Time (Min.) 













Particle See (M) 










• - ~ ! 
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C a r t r i d g e : 
Scare Run: 
End Run: 
: S ize u n i t s : nil 
Wavelen: 
P S I 
4218.0 
4030.0 



















Particle See (nM) 
Particle See (M) 
Operator Haae: t s a v a l a s Run: 04 /05 /09 16 :30 :48 















2 . 8 0 
S i t . T a p C o l . T a p WaveLen 
2 3 . 3 0 3 S . 4 0 2 2 0 . 0 0 
2 3 . 3 0 3 S . 4 0 
AbsorbUVEYl D e c o n v o l v e t Y ] 
754 Maa S t d . Dev 
1 2 7 . 3 1 2 2 . 3 S.& 
1 2 7 . 3 1 2 2 . 3 5 . 6 
1 2 9 . 0 1 2 4 . 0 S . S 
Hu&Area* AreaArea* WeightArea* 
1 0 0 
Peak Area[841? .S 1 Marker Areat6098. 
. 0 1 0 0 . 0 1 0 0 . 0 
9 ] P /H R a t i o t l . 3 8 0 1 
V i a l 1 2 ] M a r k e r t i m e t J 
PWJH 
1 1 . 7 
1 1 . 7 
1 1 . 7 
A v g A r e a Avg&Teight 
1 2 3 . 2 1 2 3 . 4 
Figure C-22: CHDF raw data, weight distribution, number distribution, and numerical analysis for 
an 132 nm standard. The mean diameter by volume is used with the standard value to obtain a 
correction factor: 132 /122.9 = 1.074. This correction factor is used for BSP3-52 shown in Figure 
C-13. 
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Raw data - N132NM-URM 
Time (Min.) 




Particle See (nM) 







Pattide See (nW) 
Particle See (nM) 
N132HM-1.FRM: S ize u n i t s : nil Operator Name: t s a v a l a s Run: 04 /19 /09 16:18:12 
C a r t r i d g e : Havelen: 220 Flow Rate: 2 .80 
PSI Cond ' t . pH S i t . T a p Col.Tap UaveLen 
S t a r t Run: 4106.0 248.00 11.4? 23.30 36.10 220.00 
End Run: 4170.0 248.00 11.47 23.30 3S.00 
HethodtUV Absorb wi th decon Feb-20061 AbsorbUV{Y) Deconvolve [Yl VialESI Marker t i n e U 
Conetents: 
Median 7SS Max Std. Dev FHHH 
119.7 124.6 118 .1 6.0 11 .3 




















121.3 124.6 119.7 6 .0 
HumAreai AresAreaS WeicfhtArea* 
100.0 100.0 100.0 




Figure C-23: CHDF raw data, weight distribution, number distribution, and numerical analysis for 
an 132 nm standard. The mean diameter by volume is used with the standard value to obtain a 
correction factor: 132 /119.1 = 1.108. This correction factor is used for BSP3-57 shown in Figure 
C-14. 
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Ran data- H132NM-1.FRM 
~at v> «3 co-
Time (Min.) 
oveiiak) data • BSP1-2-1.f8lnt DM. Cum. 
• - - & . - - - 1 
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CD a a a o CD c i a s 
Particle See (nM) 
BSP1-2-1.FPM: S i s e u n i t s : nK Operati 
C a r t r i d g e : wavelen: 220 Flow Race: 
PSI Cond ' t . pH 
Scare Run: 4220.0 243.00 11.47 
End Pun: 4446.0 248.00 11.47 
HethodlUV Absorb w i t h decon Peb-2006] 
Coauaencs: 
Mame: t s a v a l a s Pun: 05 /20 /09 14:40:52 
2.80 
Klt.Tiop Col.Top UaveLen 
23.30 35.50 220.00 
23 .30 35.SO 





S t a r c S i z e 
44.4 
Mean 






Peak Area[10SS4.4 I 
25S 















Max S td . Dev TOHH 
64 .6 4 . 8 
64 .6 4 . 8 
64 .6 4 . 8 
AreaArea* WeightAxeaS 
100.0 
a (4571 .0 
100.0 100.0 
I P/M Ra t io [2 .331 ] 




65 .0 6S.4 
Figure C-24: CHDF raw data, weight distribution, number distribution, and numerical analysis for 
BSP1-22. The mean diameter by volume is used and corrected according to the factor from the 
standard measurement shown in Figure C-26. Corrected diameter = 64.6*1.111 = 72 nm. 
270 
Time (Mil.) 









Particle See (nidi 

















: : : : : = 
^ i „ . 
:::::ui::::::i::i" 
. ; . . • ; 
" 
I I 




Particle See (nhQ 
SSP2-7-1.PRH; Size units: nil Operator Name: tsavalas Run: 10/16/08 13:26:46 
Cartridge: ttfavelen: 220 Plow Race: 1.40 
PSI Cond't. pH Bit.Tap Col.Imp WaveLen 
Start Sun: 407S.0 248.00 8.39 23.30 3S.Q0 220.00 
2nd Run: 4084.0 248.00 8.39 23.30 3S.40 














































Marker Areal4450.3 ! P/H RatiotlO 
100.0 
.914 1 







Figure C-25: CHDF raw data, weight distribution, number distribution, and numerical analysis for 
BSP2-72. The mean diameter by volume is used and corrected according to the factor from the 
standard measurement shown in Figure C-27. Corrected diameter = 80.7*1.054 = 85 nm. 
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O a CD s o o £ 3 C 3 
Particle See (nM) 
X32HTIS-2.FRH: S ize u n i t s : nH Opera tor . Kane: t s a v a l s s Run: OS/20/09 12;48:S2 
C a r t r i d g e : Wavelen: 220 flow Rate; 2.80 
PSI Cond ' t . pH Sit .Tmp Col.Imp HaveLen 
S t a r t Run: 4130.0 248.00 11 .4? 23 .30 35 .30 220.00 
Knd Run: 4086.0 248.00 11-4? 23 .30 3S.10 
Hethod[UV Absorb wi th decon Feb-2006) AJosorMJVIY] CeconvolvelYl ViaX[21 Marker t i m e l J 
Comments: 
Hedian 7 Si Has: 
119 .3 122.7 119 .3 





















4 . S 
119.3 122.7 119.3 4 .6 
HumAreaS Are&Area* WeighcArea% 
100.0 100.0 100.0 







Figure C-26: CHDF raw data, weight distribution, number distribution, and numerical analysis for 
an 132 nm standard. The mean diameter by volume is used with the standard value to obtain a 
correction factor: 132 /118.8 = 1.111. This correction factor is used for BSP1-22 shown in Figure 
C-24. 
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Figure C-27: CHDF raw data, weight distribution, number distribution, and numerical analysis for 
an 132 nm standard. The mean diameter by volume is used with the standard value to obtain a 




Additional Elemental Mapping and EELS Data 
274 
ESI-TEM elemental maps and brightfield images for microtomed latex samples 
embedded in an embedding latex. Section thicknesses are 50 nm unless otherwise noted. 
Abbreviations: BF = bright field, S = sulfur, C = carbon, O = oxygen, L = low loss. Low 
loss refers to the energy window for low values of electron energy loss (ie: 20 to 60 eV). 
All samples presented here were microtomed to thicknesses of 50-70 nm. Also, a table 
with summarized characteristics of each latex for this thesis is displayed at the end of this 
appendix. 
Figure D-l: ESI-TEM elemental maps and brightfield image for microtomed sections of BSP3-24. 
The size bar reads 200 nm. 
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Figure D-2: ESI-TEM elemental maps and brightfleld image for microtomed sections of BSP3-25. 
The size bar reads 200 nm. Note that a version of the oxygen map with pixel manipulation is 
included for easier analysis. 
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gure D-3: ESI-TEM elemental maps and brightfield image for microtomed sections of BSP3-27. 
The size bar reads 200 nm. 
Figure D-4: ESI-TEM elemental maps and brightfield image for microtomed sections of BSP3-28. 
The size bar reads 200 nm. 
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Figure D-5: ESI-TEM elemental maps and brightfield image for microtomed sections of BSP3-29. 
The size bar reads 200 nm. 
279 
•I , # •••• . - • ft. , - . ' ~L3SLJ3ttU 
Figure D-6: ESI-TEM elemental maps and brightfield image for microtomed sections of BSP3-30. 
The size bar reads 200 nm. 
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Figure D-7: ESI-TEM elemental maps and brightfleld image for microtomed sections of BSP3-31. 
The size bar reads 200 nm. 
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Figure D-8: ESI-TEM elemental maps and brightfield image for microtomed sections of BSP3-32. 
The size bar reads 200 nm. 
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Figure D-9: ESI-TEM elemental maps and brightfield image for microtomed sections of non-
annealed BSP3-49. The size bar reads 200 nm. 
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Figure D-10: ESI-TEM elemental maps and brightfield image for microtomed sections of non-




Figure D-l l : ESI-TEM elemental maps and brightfield image for microtomed sections of non-
annealed BSP3-57. The size bar reads 200 nm. 
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Figure D-12: Electron energy loss TEM images for BSP3-24. 
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Figure D-13: Electron energy loss TEM images for BSP3-25. 
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Figure D-14: Electron energy loss TEM images for BSP3-27. 
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Figure D-15: Electron energy loss TEM images for BSP3-28. 
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Figure D-16: Electron energy loss TEM images for BSP3-29. 
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Figure D-18: Electron energy loss TEM images for BSP3-31. 
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Figure D-19: Electron energy loss TEM images for BSP3-32. 
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Figure D-20: Electron energy loss TEM images for non-annealed BSP3-49. 
500eV 540eV 570eV 
Figure D-21: Electron energy loss TEM images for 16 hour latex annealed BSP3-49. 
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Figure D-22: Electron energy loss TEM images for non-annealed BSP3-52. 
snn^v 540eV 
Figure D-23: Electron energy loss TEM images for non-annealed BSP3-57. 
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Table D- l : General Summary of ESI-TEM results for al 
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Supporting Mathematical Calculations 
299 
Conversion, Rp, and cn calculations: 
Conversion, polymerization rate (Rp), and monomer concentration in the particles 
(cp) were calculated based upon solids measurements of each latex. A sample of latex 
was taken periodically throughout a polymerization, for which solids measurements were 
taken. The table below describes each variable used in the forthcoming mathematical 
scheme. The series of equations which follow the table show how Rp, Cp, and conversion 
are ultimately calculated from measured solid content data. 
Variable 
SC™ 






































solid content of sample i 
solid content of seed latex 
solid content in reactor which is attributed to seed latex 
theoretical solid content (at time sample i was taken) which assumes full monomer 
conversion 
cumulative theoretical solids removed (at time sample i was taken) which assumes full 
monomer conversion 
total mass in the reactor at the time sample i was taken 
mass of seed latex added initially 
mass of seed polymer in reactor at the time sample i was taken 
cumulative mass of monomer fed into reactor at the time sample i was taken 
mass of buffer (NaHC03) added initially 
mass of surfactant (SDS) added initially 
mass of initiator (KPS or VA-086) added initially 
mass of water added initally 
mass of wet latex in sample i 
mass of dry latex in sample i 
cumulative mass of monomer removed at the time sample i was taken 
cumulative mass of latex removed at the time sample i was taken 
mass of monomer fed adjusted for monomer removed (at time sample i was taken) 
total mass of monomer added to the reactor by the end of feeding, adjusted for 
monomer which was removed with samples 
mass fraction of adjusted monomer fed at the time sample i was taken 
instantaneous conversion at the time sample i was taken 
conversion at the time sample i was taken 
molecular weight of monomer 
density of second stage polymer 
density of seed polymer 
density of monomer 
time at which sample i was taken 
cumulative mass of newpolymer formed at the time sample i was taken 
































The instantaneous conversion is needed to determine the overall conversion: 
m
(i) 
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The overall conversion is simply the product of the mass fraction of fed monomer with 
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Calculation of cp (mol/L) utilizes instantaneous conversion with monomer mass, seed 
polymer mass, and physical properties of the relevant monomer and polymers: 
(l-X(i))(m(i) )/MW 
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Calculation of y parameter between polystyrene/poMmethyl methacrylate) : 
By use of the following equation: 
= BVref 
x
 RT , 
a x value was estimated to obtain the appropriate range of values to construct the models 
shown in Chapter 3. Vref is the molar volume of one repeat unit (units of cm3/mol), R is 
the gas constant (units of cal/mol-K), T is the temperature (units of K), and B is the 
binary interaction energy density (cal/cm3). Values of By, a binary interaction energy 
value, are used to calculate a value of B depending upon the type of polymer system one 
is interested in. It turns out that for a homopolymer/homopolymer blend, the value of By 
= B, which is reported to be 0.26 cal/cm3 for this PSt/PMMA blend.35b 
Therefore, using T = 30°C, R = 1.986 cal/mol-K, and the following equation for 





where MWmon is the molecular weight of a monomer unit and pmon is the density of the 
monomer. Since styrene and methyl methacrylate are very close in density and molecular 
weight, an average Vref value will be taken between the two. 
"ref ~ 
r\04.\5g/mol 100A5g/mol^ (0.5) = 110.54COT y 
/mol 0.909g/cm' 0.940g/cm 
Therefore the % value is calculated to be 
(0.26 cal / cm3 Yl 10.54 cm31 mol)
 nnAn 
y = — = 0 048 
(\.9S6cal/mol-K)(303.l5K) 
Calculation of n values for the short-chained polymers from Polymer Source: 
The number average and weight average molecular weights (Mn and Mw 
respectively) reported by the company from which the polymers were provided are 

































The SC^Na end group has a formula mass of 103.05 g/mol and the SO3H end group has a 
formula mass of 81.07 g/mol. Since the aim is to calculate n, as shown in the molecules 
below, the total formula mass of every element outside of the repeating unit is required. 
CKf -CKf - C H - ( c H 2 - C H ) n — C H J - C H J - C ^ - S03H 
C H 3 - C H - C H - [ C H 2 - C H ] - C H Z - C H J - C H J - SO. Na 
CH, O 
The seven carbons and their corresponding hydrogens add up to a formula mass of 99.19 
g/mol. Therefore, the SO3H ended molecule contains a formula mass of (81.07 g/mol + 
99.19 g/mol) = 180.26 g/mol, excluding the repeating styrene units. The SC^Na ended 
molecule contains a formula mass of (103.05 g/mol + 99.19 g/mol) = 202.25 g/mol, 
excluding the repeating styrene units. 
The value of n for each reported Mn and Mw can then be calculated since the molecular 
weight of styrene is known (104.15 g/mol). The calculation for bottle A is shown below: 
n = 
370 g/mol -202.25 g/mol 
I04.l5g/mol 
470 g/mol -202.25 g/mol 
104.\5g/mol 
= 1.61 units based upon Mn 
= 2.57 units based upon Mft 
Therefore the value of n for bottle A is reported as 2 to 3. The rest of the n values are 
tabulated in Table 3.1 (page 47). 
Calculation of free energy to combine ions: 
To calculate the required free energy to combine specific ions, the thermodynamic 






H 2S0 4 ( s ) 
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H S O 4 (-aq) 
( Gfn (J/mol) 







The mathematical formulation to determine the free energy requirement (AGci) for two 
SO4" end groups on a single polymer chain to combine with a counter-ion is shown in the 
following equation: 
AGa=[AG°f,N-(AGl+AG%)U^ 
Where AG°f,i and AG°f;2 are the free energies of formation of the aqueous cation and 
anion species, AG°f;N is the free energy of formation of the uncharged solid which is 
formed from the ionic species, and NA is Avogadro's number. The equation is multiplied 
by two to account for the ion combination of each chain end. 
AG"f0i = [-690,000 J I mol -(0-926,166.36)/I mol 
6.02x10 23 molecules 
mol 
AGHC?S0> 7.84x10~19 JI chain 
A G ™ 4 = [-992,800 J / m o / - ( - 257,766.87-926,166.16) JI mol 
6.02x10 23 molecules 
mol 
A G ™ 4 = 6.35xl0"19 JI chain 
AGKHSO<
 = r_ l j 0 3 l30Q J/mol_ (_ 282,312.78 - 926,166.36) J / mol] 
6.02x10 23 molecules 
mol 
AGKHSO4




Calculation of Centrifugation Mass Balance: 
To determine how many centrifugation cycles are necessary to clean the serum 
phase of a latex (the procedure of which is described within the section beginning on 
page 92), a simple mass balance was performed. In order to make these calculations, a 
sphere packing efficiency (</>p) of 0.64 was used. The table below shows the results of 































The unclean latex ("Centrifuge Step" 0 in the table) is said to contain 90 g of "dirty" 
serum (Sd) and 10 g of polymer solids (Sp). The "f' represents the variable at a particular 
centrifuge step (0, 1, 2, or 3). At centrifuge step 0, the serum phase contains 100% of the 
unwanted constituents (ie: residual initiator), whose value is referred to in the table as 
"Dirty Serum fraction" (5f). After 1 centrifugation step, the amount of dirty serum 
remaining (Sd) can be determined by: 
S'd = S'P = 
10g 
0.64J 
1 Og = 5.63 g for centrifuge step 0 
Sf is then determined as: 
Sf = oO xl00 
Where Sd is the dirty serum present at centrifuge step 0. After each centrifugation step, 
80 g of pure replacement serum (Sp) is added to the remaining polymer solids. Note that 
this simple calculation does not take into account any polymer solids lost as coagulation. 
Once replacement serum is added, the equation for Sd changes slightly to: 






= 0.40 g for centrifuge step 2 
This corresponds to a Sf of 0.44%, which is adequate, but a third centrifugation step is 
calculated for the case that the solids content of the latex is greater than 10% (but less 
than or equal to 20%). The third centrifugation step shows that only 0.03% of the dirty 
serum remains, which is more than adequate for this work. 
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Calculation of Mw and Mg from subtracted GPC data: 
The determination of weight and number average molecular weight (Mw and Mn) 
is a necessary calculation which generally is calculated by the Millenium32 software used 
in the GPC work of this thesis. However, for the cases where one GPC curve is 
subtracted from another (as in the data shown in Appendix B), manual determination of 
the Mw and Mn values for the subtracted peak is required. 
The first step after the subtracted data is acquired is to normalize the relevant 
range of the curve. This means that the total sum of the y-axis signal (can be UV or RI 
signal) under the curve must be taken (call it AT), and then each individual y-value (call 
them y(l)) within the relevant range is divided by AT. Call the normalized y(l) values yn(l). 
The next step is to convert the corresponding elution time (te(l)) for each value of 
yn(l) into a molecular weight {MW1') value based upon the calibration curve. This is 
achieved by inputting each value of te into the calibration curve equation. Figure B-l of 
Appendix B contains the two calibration curves used in this work. The calibration curves 
are third order polynomial equations. The te(l) is input into the equation as follows: 
log(MW(;)) = -a(tll) )3 + b(t? )2 -c(ti°)+ d 
where a, b, c, and d are the constants of the polynomial. The log{MW^) can then be 
expressed as MW^ by a simple operation: 
MW(i) =ioiog(AW<0) 










And the polydispersity index (PDI) is simply Mw / Mn. 
nd Calculation of radius of gyration for the 2 stage polymers 
The radius of gyration {Rg) is calculated by: 
Where w is the Kuhn length (or length between monomer units) and N is the number of 
monomer units in the polymer chain. Two values of Rg were determined, one based upon 
Mn (i?gn) and the other based upon Mw (Kgw)- The value of w was taken to be 0.65 ran, 
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,nd and TV is determined by division of the 2 stage molecular weight (Mn or Mw) by the 
molecular weight of a single monomer unit (MW\U) which makes up the 2n stage chain. 
For the case of a copolymerized 2nd stage, the mass fractions of monomer 1 and monomer 
2 (xmi, and Xmz, respectively) used in the polymerization are multiplied by each 
corresponding single-unit molecular weight (MW\ for monomer unit 1 and MW2 for 
monomer unit 2) and added together in order to obtain the effective molecular weight of 
the monomer units in the copolymer chain (MW\U ): 




and N,„ = M.. 
\u MW,. 
Where Nn and JV"W represent the value of N based upon Mn and Mw, respectively. The 
radius of gyration is then calculated by: 
Rgn=^Nn and Rgw=wjN„ 
Calculations for surfactant titrations: 
The surfactant titration procedure involves the measurement of conductivity 
versus SDS concentration. As an SDS solution is slowly added to the latex, the SDS 
molecules add to the water and the cleaned surface of the latex particles until the water 
and particle surfaces become saturated. At this saturation point, the rate at which the 
conductivity of the latex increases becomes slower. This saturation point is near the 
critical micelle concentration of SDS in water at a certain temperature, which means that 
addition of more SDS will result in the SDS molecules agglomerating in the water to 
form micelles. The transition of rate of increasing conductivity from fast to slower is 
called the breakpoint and is used to calculate the total amount of SDS in the solution at 













y = 106.78X + 34.699 
R2 = 0.9991 
... -
- -1&^"^ y = 51.498x +331.02 
R2 = 0.9997 
6 8 
[SDS] (g/L) 
10 12 14 
The dotted lines in the above figure are trend lines used to calculate the breakpoint. The 
two linear equations displayed on the figure are representative of the dotted lines, and 
their point of intersection is the concentration of SDS at the moment of saturation of the 
particle surfaces. The dotted lines may be represented by the following two general 
equations: 
K - ml [SDS] + g{ and K = m2 [SDS] + g2 
where K is the conductivity, [SDS] is the concentration of SDS (in g/L), m.\ and m.2 are the 
slopes, and g\ and g2 are the y-intercepts. [SDS] at the breakpoint can then be found by: 
[SDS]=(§,~§2\ 
(m2 - mx) 





Where m]atex is the mass of the latex (in grams) which was titrated, [SDS]o is the 
concentration of the SDS solution (in g/L) being used as titrant, and psoi is the density of 
the solution (taken to be 1 g/mL). 
The total mass of SDS in the latex at the breakpoint (msDS, units of grams) can then be 
calculated: 
mSDS = VSDs[SDSl lOOOmL 
Then, the mass of SDS in the water phase (MSDS) can be determined based upon the CMC 
of the SDS ([CMCJSDS) at the temperature of titration (titrations in this work were 
performed at 25°C, which corresponds to an SDS CMC of 2.36 g/L)55. 
MSDS = [CMC]SDS {mlalex (1 - SClatex) + VSDS) 
VlOOOtfiLy 
where SQatex is the solid content of the latex. And then the amount of SDS on the 
particles (Mpart) can be determined by the simple subtraction: 
M
PaH=mSDS-MSDS 
Mpart can then be used to calculate the adsorption area 04SDS) of the SDS onto the latex 
particles, which is theyA2 of particle surface occupied per SDS molecule. For this, the 
number of SDS molecules (/VSDS) is required, as is the total surface area of the particles 
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 MW A 
1V1
 '' SDS 
Where MWSDS is. the molecular weight of SDS and NA is Avogadro's number. To 
determine Atota\, the total number of latex particles (Npart) is required, which is the quotient 
of the total polymer volume (Fpoiy) over the volume of one particle (VpaTt) in the same 
units: 
m, c \SClatex ) J y _ 4 
poly ~ a n Q V part ~ ~ 
P pol 3 
y •JJatexK ISl^l
 a n d V „„,. = - 7 T 
V 
and therefore JV . = poly 
part V ^  J Vpart 




 and therefore Atotal = (Aparl \Npart). par 
A^ = tota' in units of A2/molecule. 
iV
 SDS 
Calculations for end group titrations: 
The S04" end group titration involves the measurement of conductivity versus 
base concentration. This work used a 0.005 M solution of KOH for the end group 
titration. The OH" neutralize the H+ in the water caused by the charged surface end 
groups (S04) of the cleaned latex until all of the H+ are neutralized. This results in a 
decrease in conductivity because the relative conductance of the H+ is greater than that of 
the K+. Once full neutralization is achieved, the conductivity increases as a result of the 
continued addition of K+ and OH" to the aqueous phase (this is the neutralization point). 







T i t r a t i o n of BSP3-49 a t 4.0 m L / h r KOH a t 25°C 
292.84X - 43.796 
-248.43X + 60.72 
0.05 0.1 0.15 
Square Root of Alkali Concentration (g/L)"2 
0.2 0.25 
The data is plotted versus the square root of the concentration because it makes the 
neutralization point easier to identify. The dotted lines in the above figure are trend lines 
used to determine the neutralization point, and the corresponding equations for the trend 
lines are seen on the plot. The square root of the concentration at the neutralization point 
is determined by use of the trend lines, just as described in the surfactant titration section 
of this appendix. The result must simply be raised to the power of two, however, since 
the x-axis is in units of (g/L)1/2. 
To determine the surface density (A /SO4" group on the surface), volume of alkali 
solution (Talk) is required. The calculation for this is the same as for the calculation of 
VSDS in the surfactant titration section of this appendix, except "alkali" should replace 
wherever SDS is referenced in those equations. To determine the number of alkali 
molecules (and thus the number of SO4" end groups, Neg), Va\^ is simply multiplied by 
Avogadro's number (NA) and the molar concentration of the KOH solution ([KOH]0) 
which was used as the titrant. 
Neg={Valk){[KOH\\NA) 
The number of S04" per particle can then be calculated by dividing JVeg by NV3A (whose 
calculation is shown in the surfactant titration section of this appendix). Likewise the 
surface density can be calculated by dividing v4totai (whose calculation is also shown in the 
surfactant titration section of this appendix) by JVeg. Finally, the charge density (<5, units 
of |UC/cm2) is determined by: 
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5 = KM 
\Apart ) 
19 
where e is the elementary charge of an electron (1.6x10" C) 
>nd Calculations of 2 stage polymers chains and end groups: 
In order to calculate the total number of 2nd stage polymer chains in a composite 
particle (A^c), four parameters about the latex are required. These include the seed 
particle diameter (A>eed)> the composite particle diameter (DComp), the density of the 2nd 
stage polymer (p2S), and the number average molecular weight of the 2nd stage polymer 
{Mra). The first step is to calculate the individual volumes of the seed and composite 
particles (Fseed and Fc0mp, respectively), and then substract Vsee& from Vcomp to obtain the 
volume of 2nd stage polymer (F2s). 
V = V -V =• 




With V2s, N2c can be calculated as follows: 
N2c = M 
'-(NA) 
7>2 
where TVA is Avogadro's number. Note that the units of P2S must correspond to those of 
V2s in order to yield the number of grams of 2nd stage polymer for the numerator. The 
value of iV2c corresponds to the total number of end groups in the 2nd stage (A^eg) , since 
each chain contains two ends. For the case where chain transfer to monomer is minimal, 
each chain will contain two initiator end groups: 
N2es=2{N2c) 
,nd Next, the total number of 2 stage chains per microtomed slice of latex particles 
(Ncsiice) is determined by using A c^ Dcomp, and the slice thickness (<isiice)- The slice volume 
(Justice) is first calculated: 
y slice ~ n \ 
D V 
comp 
v 2 ; 
(ds,ice) 
>nd The volume fraction of 2 stage polymer (^s) is then determined by use of Fc comp-




Finally, the value of JVcsijce is determined by the product of^s and N2c-. 
Ncslice={f2sl^2c) 
It should be noted that (page 283) reports .Wcsijce as a range of numbers. This was done 
because A c^ can be calculated for both the number average and weight average molecular 
weights of the 2nd stage polymer (Mn2 and MW2, respectively). To determine the value of 
JV"2C which corresponds to the weight average molecular weight of the 2n stage polymer 
(A^ cCw)), simply substitute Mw2 for M„2 in the calculation ofN2c. 
Calculation of TEM-Based "Apparent" Stage Ratio (SRm) and Adjusted Stage 
Ratio: 
The "apparent" stage ratios presented in the TEM section beginning on page 128 
were calculated by measuring the linear dimensions in the TEM images. The white phase 
(usually apparent as a shell) was the second stage material and the dark phase was the 
first stage material (although it is noted that the dark phase may contain second stage 
polymer which is unable to be seen, hence the term "apparent" stage ratio). The diameter 
of entire particle and the dark phase were measured, from which the dark phase volume 
and light phase volume could be calculated using the sphere volume formula. The 
"apparent" stage ratio was then simply calculated by: 
2nd stagevolume 
1st stage volume 
The adjusted stage ratio (also discussed in the TEM section beginning on page 128) was 
calculated by multiplying the theoretical stage ratio by the overall monomer conversion 
of the polymerization. The theoretical stage ratio is simply the total volume of second 
stage monomer divided by the mass of seed polymer. These values can be found in the 
latex recipe section of this thesis beginning on page 92. The overall monomer conversion 
for each latex can be found in Appendix A. 
Calculation of Effective TP(Tgeff): 
The effective Tg (discussed in the section beginning on page 171) was calculated 
using the Fox Equation (page 74). The dry Tgeff assumed full mixing of both polymer 
phases in a composite, and so the ratio of the relevant polymers depends upon the overall 
monomer conversion. 
1 _xA(c) xB(c) 
Teff ic\ T T 
The Tgeff is a function of monomer conversion, c, as are the mass fractions of polymer A 
and B. Different points of conversion therefore yield different Tg values. 
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APPENDIX F 
Supporting Oligomer/Polymer Solubility Modeling Information 
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The columns of data presented on the following two pages are from the 
calculations performed for Figure 3.7 (page 44) using Eq.(3.1) to (3.3) (pages 34 to 36). 
The table of data is meant to accompany the parameter explanation given on page 46 of 
this thesis. The values of a, b, c, NB, and host particle (polymer B) size are 0.08, 40.0, 
0.25, 1024, and 150 nm, respectively. The table below is provided to show how different 
equation variables are changing as NA increases. The value of 0A is calculated by: 
volume of oligomeric chain(s) 
volume of polymer B chains + volume of oligomeric chain(s) 
where there can be multiple oligomeric chains (polymer A) within the particle phase 
(although the data tables below are for only one growing oligomeric chain in the host 
polymer). The volume of an oligomeric chain is determined by considering the volume 
of an S04" unit to be 0.06 nm3 and the volume of a monomer unit of polymer A (styrene) 
to be 0.13 nm3.58 
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9A <PB X 
68E-08 1.00E+00 40 
91E-08 1.00E+0O 31.16973 
58E-07 1.00E+00 24.2927 
37E-07 1.00E+0O 18.93687 
16E-07 1.00E+00 14.76575 
95E-07 1.00E+00 11.51727 
75E-07 1.00E+00 8.987356 
54E-07 1.00E+00 7.017056 
33E-07 1.00E+00 5.482585 
12E-07 1.00E+00 4.287537 
91E-07 1.00E+00 3.356833 
70E-07 1.00E+00 2.632 
49E-07 1.00E+00 2.0675 
03E-06 1.00E+00 1.627866 
11E-06 1.00E+00 1.28548 
19E-06 1.00E+00 1.018828 
27E-06 1.00E+00 0.81116 
34E-06 1.00E+00 0.649428 
42E-06 1.00E+00 0.523471 
50E-06 1.00E+00 0.425376 
58E-06 1.00E+00 0.348979 
66E-06 1.00E+00 0.289481 
74E-06 1.00E+00 0.243144 
82E-06 1.00E+00 0.207057 
90E-06 1.00E+00 0.178952 
98E-06 1.00E+00 0.157064 
06E-06 1.00E+0O 0.140017 
14E-06 1.00E+00 0.126742 
21E-06 1.00E+0O 0.116402 
29E-06 1.00E+0O 0.10835 
37E-06 1.00E+00 0.102079 
45E-06 1.00E+00 0.097195 
53E-06 1.00E+00 0.093392 
61E-06 1.00E+00 0.090429 
69E-06 1.00E+00 0.088122 
77E-06 1.00E+00 0.086326 
85E-06 1.00E+00 0.084927 
93E-06 1.00E+00 0.083837 
01E-06 1.00E+00 0.082988 
O8E-06 1.00E+00 0.082327 
16E-06 1.00E+00 0.081812 
24E-06 1.00E+00 0.081411 
32E-06 1.00E+00 0.081099 
40E-06 i:00E+00 0.080856 
48E-06 1.00E+00 0.080667 
56E-06 1.00E+00 0.080519 
64E-06 1.00E+00 0.080404 
72E-06 1.00E+00 0.080315 
80E-06 1.00E+00 0.080245 
88E-06 1.00E+00 0.080191 
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1(98)^8 X 9 A 9 B AGmix/RT 
59E-11 1.47E-06 8.422E-07 
72E-11 2.47E-06 1.818E-06 
54E-10 3.84E-06 3.017E-06 
32E-10 4.49E-06 3.588E-06 
09E-10 4.67E-06 3.724E-06 
86E-10 4.55E-06 3.582E-06 
63E-10 4.26E-06 3.277E-06 
41E-10 3.88E-06 2.887E-06 
18E-10 3.47E-06 2.465E-06 
95E-10 3.05E-06 2.043E-06 
72E-10 2.65E-06 1.644E-06 
50E-10 2.29E-06 1.277E-06 
27E-10 1.96E-06 9.488E-07 
00E-09 1.67E-06 6.601 E-07 
08E-09 1.42E-06 4.099E-07 
16E-09 1.21E-06 1.958E-07 
24E-09 1.03E-06 1.436E-08 
31E-09 8.73E-07 -1.38E-07 
39E-09 7.45E-07 -2.65E-07 
47E-09 6.39E-07 -3.7E-07 
54E-09 5.52E-07 -4.56E-07 
62E-09 4.81 E-07 -5.25E-07 
70E-09 4.23E-07 -5.82E-07 
78E-09 3.77E-07 -6.27E-07 
85E-09 3.40E-07 -6.62E-07 
93E-09 3.11 E-07 -6.9E-07 
01E-09 2.88E-07 -7.11 E-07 
09E-09 2.71 E-07 -7.27E-07 
16E-09 2.58E-07 -7.39E-07 
24E-09 2.48E-07 -7.46E-07 
32E-09 2.42E-07 -7.51 E-07 
39E-09 2.38E-07 -7.54E-07 
47E-09 2.36E-07 -7.54E-07 
55E-09 2.36E-07 -7.53E-07 
63E-09 2.37E-07 -7.51 E-07 
70E-09 2.39E-07 -7.48E-07 
78E-09 2.42E-07 -7.44E-07 
86E-09 2.45E-07 -7.39E-07 
93E-09 2.49E-07 -7.33E-07 
01E-09 2.54E-07 -7.28E-07 
09E-09 2.59E-07 -7.21 E-07 
17E-09 2.64E-07 -7.15E-07 
24E-09 2.69E-07 -7.08E-07 
32E-09 2.75E-07 -7.02E-07 
40E-09 2.81 E-07 -6.95E-07 
48E-09 2.87E-07 -6.88E-07 
55E-09 2.92E-07 -6.8E-07 
63E-09 2.99E-07 -6.73E-07 
71 E-09 3.05E-07 -6.66E-07 
78E-09 3.11E-07 -6.59E-07 
86E-09 3.17E-07 -6.52E-07 
NA 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
85 
86 
87 
88 
89 
90 
91 
92 
93 
94 
95 
96 
97 
98 
99 
100 
<PA 
03E-06 
11E-06 
19E-06 
27E-06 
35E-06 
43E-06 
51 E-06 
59E-06 
67E-06 
75E-06 
82E-06 
90E-06 
98E-06 
06E-06 
14E-06 
22E-06 
30E-06 
38E-06 
46E-06 
54E-06 
61E-06 
69E-06 
77E-06 
85E-06 
93E-06 
01 E-06 
09E-06 
17E-06 
25E-06 
33E-06 
41E-06 
48E-06 
56E-06 
64E-06 
72E-06 
80E-06 
88E-06 
96E-06 
04E-06 
12E-06 
20E-06 
28E-06 
35E-06 
43E-06 
51 E-06 
59E-06 
67E-06 
75E-06 
83E-06 
91E-06 
<PB 
1.00E+00 
1.00E+00 
1.00E+00 
1.00E+00 
1.00E+00 
1.00E+00 
1.00E+00 
1.00E+00 
1.00E+00 
1.00E+00 
1.00E+00 
1.00E+00 
1.00E+00 
1.00E+00 
1.00E+00 
1.00E+00 
1.00E+00 
1.00E+00 
1.00E+00 
1.00E+00 
1.00E+00 
1.00E+00 
1.00E+00 
1.00E+00 
1.00E+00 
1.00E+00 
1.00E+00 
1.00E+00 
1.00E+00 
1.00E+00 
1.00E+00 
1.00E+00 
1.00E+00 
1.00E+00 
1.00E+00 
1.00E+00 
1.00E+00 
1.00E+00 
1.00E+00 
1.00E+00 
1.00E+00 
1.00E+00 
1.00E+00 
1.00E+00 
1.00E+00 
1.00E+00 
1.00E+00 
1.00E+00 
1.00E+00 
1.00E+00 
X 
0.080116 
0.08009 
0.08007 
0.080055 
0.080043 
0.080033 
0.080026 
0.08002 
0.080016 
0.080012 
0.08001 
0.080007 
0.080006 
0.080004 
0.080003 
0.080003 
0.080002 
0.080002 
0.080001 
0.080001 
0.080001 
0.080001 
0.08 
0.08 
0.08 
0.08 
0.08 
0.08 
0.08 
0.08 
0.08 
0.08 
0.08 
0.08 
0.08 
0.08 
0.08 
0.08 
0.08 
0.08 
0.08 
0.08 
0.08 
0.08 
0.08 
0.03 
0.08 
0^08 
0.08 
0.08 
ACWRT 
-6.44E-07 
-6.37E-07 
-6.30E-07 
-6.22E-07 
-6.15E-07 
-6.08E-07 
-6.00E-07 
-5.93E-07 
-5.86E-07 
-5.79E-07 
-5.71 E-07 
-5.64E-07 
-5.57E-07 
-5.50E-07 
-5.42E-07 
-5.35E-07 
-5.28E-07 
-5.21 E-07 
-5.13E-07 
-5.06E-07 
-4.99E-07 
-4.92E-07 
-4.85E-07 
-4.78E-07 
-4.71 E-07 
-4.63E-07 
-4.56E-07 
-4.49E-07 
-4.42E-07 
-4.35E-07 
-4.28E-07 
-4.21 E-07 
-4.14E-07 
-4.07E-07 
-4.00E-07 
-3.93E-07 
-3.86E-07 
-3.79E-07 
-3.72E-07 
-3.65E-07 
-3.58E-07 
-3.51 E-07 
-3.44E-07 
-3.37E-07 
-3.30E-07 
-3.23E-07 
-3.16E-07 
-3.09E-07 
-3.02E-07 
-2.95E-07 
<PAln(<PA)/(NA+1) 
-9.63407 E-07 
-9.62257E-07 
-9.61121 E-07 
-9.59999E-07 
-9.58892E-07 
-9.57797E-07 
-9.56717E-07 
-9.55649E-07 
-9.54594E-07 
-9.53552E-07 
-9.52522E-07 
-9.51504E-07 
-9.50498E-07 
-9.49504E-07 
-9.48521 E-07 
-9.4755E-07 
-9.46589E-07 
-9.45639E-07 
-9.447E-07 
-9.4377E-07 
-9.42851 E-07 
-9.41942E-07 
-9.41043E-07 
-9.40153E-07 
-9.39273E-07 
-9.38401 E-07 
-9.37539 E-07 
-9.36686E-07 
-9.35841 E-07 
-9.35004E-07 
-9.34177E-07 
-9.33357E-07 
-9.32545E-07 
-9.31741 E-07 
-9.30945E-07 
-9.30156 E-07 
-9.29375E-07 
-9.28602E-07 
-9.27835E-07 
-9.27076E-07 
-9.26323E-07 
-9 25578E-07 
-9.24839E-07 
-9.24106E-07 
-9.23381 E-07 
-9.22661 E-07 
-9.21948E-07 
-9.21241 E-07 
-9.2054E-07 
-9.19845 E-07 
<pB!n(<ps)/NB 
-3.94E-09 
-4.02E-09 
-4.09 E-09 
-4.17E-09 
-4.25 E-09 
-4.32 E-09 
-4.40E-09 
-4.48E-09 
-4.56E-09 
-4.63E-09 
-4.71 E-09 
-4.79E-09 
-4.87E-09 
-4.94E-09 
-5.02E-09 
-5.10E-09 
-5.17E-09 
-5.25E-09 
-5.33E-09 
-5.41 E-09 
-5.48E-09 
-5.56E-09 
-5.64 E-09 
-5.72E-09 
-5.79E-09 
-5.87E-09 
-5.95E-09 
-6.02E-09 
-6.10E-09 
-6.18E-09 
-6.26E-09 
-6.33E-09 
-6.41 E-09 
-6.49E-09 
-6.56E-09 
-6.64 E-09 
-6.72E-09 
-6.80E-09 
-6.87E-09 
-6.95E-09 
-7.03 E-09 
-7.11 E-09 
-7.18E-09 
-7.26E-09 
-7.34E-09 
-7.41 E-09 
-7.49E-09 
-7.57E-09 
-7.65E-09 
-7.72 E-09 
X<PA<PB 
3.23E-07 
3.29E-07 
3.36E-07 
3.42E-07 
3.48E-07 
3.54E-07 
3.61 E-07 
3.67E-07 
3.73E-07 
3.80E-07 
3.86E-07 
3.92E-07 
3.99E-07 
4.05E-07 
4.11 E-07 
4.18E-07 
4.24E-07 
4.30E-07 
4.37E-07 
4.43E-07 
4.49E-07 
4.56E-07 
4.62E-07 
4.68E-07 
4.75E-07 
4.81 E-07 
4.87E-07 
4.93E-07 
5.00E-07 
5.06E-07 
5.12E-07 
5.19E-07 
5.25E-07 
5.31 E-07 
5.38E-07 
5.44E-07 
5.50E-07 
5.57E-07 
5.63E-07 
5.69E-07 
5.76E-07 
5.82E-07 
5.88E-07 
5.95E-07 
6.01 E-07 
6.07E-07 
6.14E-07 
6.20E-07 
6.26E-07 
6.33E-07 
.AGmlx/RT 
-6.44E-07 
-6.37E-07 
-6.3E-07 
-6.22E-07 
-6.15E-07 
-6.08E-07 
-6E-07 
-5.93E-07 
-5.86E-07 
-5.79E-07 
-5.71 E-07 
-5.64E-07 
-5.57E-07 
-5.5E-07 
-5.42E-07 
-5.35E-07 
-5.28E-07 
-5.21 E-07 
-5.13E-07 
-5.06E-07 
-4.99E-07 
-4.92E-07 
-4.85E-07 
-4.78E-07 
-4.71 E-07 
-4.63E-07 
-4.56E-07 
-4.49E-07 
-4.42E-07 
-4.35E-07 
-4.28E-07 
-4.21 E-07 
-4.14E-07 
-4.07E-07 
-4E-07 
-3.93E-07 
-3.86E-07 
-3.79E-07 
-3.72E-07 
-3.65E-07 
-3.58E-07 
-3.51 E-07 
-3.44E-07 
-3.37E-07 
-3.3E-07 
-3.23E-07 
-3.16E-07 
-3.09E-07 
-3.02E-07 
-2.95E-07 
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